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Abstract

This dissertation reports on the far-infrared magnetospectroscopy of electron
in a variety of GaAs-based semiconductors.
In the course of this investigation, a new far-infrared facility has been developed.
This facility permits experiments under far-infrared radiation at low temperatures
and with high magnetic fields.
Zero-field central-cell corrections of 0.110 m e V and 0.059 m e V have been determined for sulphur and silicon donor impurities, respectively, in bulk GaAs. These
results, in magneticfieldsof up to 39 T, greatly extend reported values for centralcell corrections, which were previously only available up to 6 T. Good agreement
was found with theoretical calculations based on a hydrogenic model corrected for
central cell effects.
A thorough search for the predicted magneto-photon-phonon resonance effect
in a two-dimensional electron gas was carried out, using Fourier transform as well
as laser spectroscopy. The proposed effect was not observed.
Extremely narrow cyclotron resonance linewidths (BCR/AB

— 660) in a two-

dimensional electron gas are reported. These measurements are made on an enhancement-mode field effect transistor. The top-gated architecture avoids the necessity
of doping carriers into the sample. It also allows tuning of the electron density.
Filling-factor-dependent oscillations in cyclotron resonance linewidth are observed
up to v — 8. This data challenges the usual explanation of impurity screening for
these oscillations.
Thefirstknown far-infrared magneto-photoresponse has been measured in a
quantum point contact. These samples also have a top-gated architecture, allowing
a tunable electron density. Strong, carrier-concentration-dependent oscillations are
observed in the region of the cyclotron resonance. These are attributed to resonant
heating of the sample.
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Chapter 1
Introduction
1.1 Far-infrared magnetospectroscopy
Semiconductor research is an area of huge technological importance at present.
sumers are demanding smaller, faster electronic products, spurring research into
techniques that enable control of electrons in semiconductors on increasingly tiny
scales. For this reason it is becoming ever more important to understand the energy
level structure of semiconductor materials in order to provide a basis for electronics
development.
One window into the behaviour of electrons in semiconductor materials is farinfrared magnetospectroscopy. M a n y physical phenomena have energies that fall
into the far-infrared region, and which can therefore be probed using far-infrared
radiation. The application of a magneticfieldlifts zero-field degeneracies, giving a
clearer view of the underlying energy level structure of the material.
Far-infrared radiation (40 fim < A < 1000 fim) is of longer wavelength than
visible light. The photon energies are in the range of « 1 - 30 m e V . This corresponds
to temporal frequencies (u = c/X) of « 0.3 - 7.5 T H z , and spatial frequencies
(u =

1/A) of 10 - 250 cm" 1 .

Free-carriers in a D C magneticfieldundergo cyclotron resonance. Electrons
incident onto a plane perpendicular to the direction of the magnetic field experience
a force that is perpendicular to both the magneticfieldand velocity vectors. This
results in a circular motion of the electrons. The angular frequency uic of the motion
1
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is proportional to the magnetic field strength - a large magnetic field will pull the
electrons into a tighter (smaller radius) circle, causing a large angular frequency. If
far-infrared radiation is applied to the sample with a frequency matching that of the
circular motion of the electrons, a resonance in the absorption (or the resistance) is
observed.
For m a n y materials, G a A s included, the cyclotron energy (Ec — hwc) is in
the far infrared for the magneticfieldrange commonly accessible in the laboratory.
Cyclotron resonance measurements give information on the carrier effective mass,
density, and optical mobility, and clues to the electron interactions occurring within
the material. Information on electron-electron interactions, free carrier screening,
and electron scattering mechanisms can be gathered from detailed cyclotron resonance studies.
Bound electrons in semiconductors also have energy differences that fall in the
far infrared. Photons falling on the sample with energies matching these energy
differences excite electrons to higher energy levels, and information can be gathered
on these energy levels and their behaviour in a magnetic field.
Cyclotron resonance and bound impurity transitions are best studied at low
temperatures. At temperatures above ?»100 K the predominant electron scattering
mechanism is longitudinal optic (LO)-phonon scattering, and the cyclotron resonance and bound impurity transitions are thermally smeared out. Transport studies
at these temperatures reveal resonant absorption and emission of LO-phonons with
changing magneticfield,known as magneto-phonon resonances. The LO-phonon
energies in G a A s are close to the far-infrared region and far-infrared radiation is
expected to modify electron-phonon interactions.
As semiconductor technology advances, devices on the nanometre scale are
being fabricated. Far-infrared spectroscopy is a good tool for studying these devices,
as the ID-characteristic energy falls in the far-infrared.
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Overview

This dissertation discusses investigations made into the properties of GaAs-ba
semiconductor samples under far-infrared radiation. Chapter 1 comprises a brief
overview of the systems studied. More specific and detailed theoretical information
is given in the individual chapters. The experimental techniques used are described
in Chapter 2.
The experimental results are divided into four chapters, arranged in order of
decreasing dimensionality of the semiconductor system under investigation. Each of
these chapters includes some discussion of the theoretical background relevant to the
measurements made, a review of previous work in the area covered by the chapter,
and a description of the measurements made, the results obtained, and the conclusions drawn from them. Measurements of intentionally-impurity-doped bulk G a A s
are discussed in Chapter 3. This is followed in Chapter 4 by a group of experiments
on intentionally-doped, two-dimensional electron gases (2DEGs). This includes an
account of the search for magneto-photo-phonon resonances and a description of
experiments with donor-doped multiple quantum wells. Chapter 5 discusses measurements of not-intentionally-dopedfieldeffect transistor (FET) structures. Onedimensional electron gases (IDEGs) are the focus of Chapter 6, with a report of
measurements of a quantum point contact (QPC).
The results and conclusions from these four chapters are summarised in Chapter 7. A n indication of the possible future directions leading on from the work
discussed here is also given.

1.3 Confined semiconductor systems
In an isotropic, bulk semiconductor, conduction electrons are free to move in
direction. It is, however, possible to confine the electrons such that they behave
as if they were in a two-, one-, or even zero-dimensional system. These systems
of reduced dimensionality have been of much theoretical and experimental interest
over the past three decades.
Electrons in G a A s structures are confined typically by taking advantage of the

CHAPTER

1. INTRODUCTION

4

difference of energy gap between the conduction and valence bands of G a A s and the
alloy Alj.Gai_a.As. This alloy, commonly abbreviated to AlGaAs, has a larger energy
gap (1.80 eV for x = 0.3) than G a A s (1.42 eV) and electrons become trapped at the
interface between the two materials. The mechanism is discussed in more detail in
Chapter 4.1.
Heterostructures are commonly grown using molecular-beam epitaxy ( M B E )
or metal-organic chemical vapour deposition ( M O C V D ) techniques. The former is
considered to produce better (higher mobility) electronic devices, while the latter
has the reputation of producing better opto-electronic devices (Davies, 1998). Either
technique can be used to grow layers of semiconductor material to an atomic scale,
with precise junctions between the layers.
To grow such a layered structure, two criteria must be met. Thefirstis that the
two materials must have identical lattice structure. Both G a A s and AlGaAs have
zincblende structure, fulfilling this criterion. The second requirement is for similar
lattice constants so that the strain at the interface is minimised. G a A s and AlAs
have very similar lattice constants a of 5.65 A and 5.62 A respectively (Ashcroft and
Mermin, 1976). Vergard's law, which states that a linear interpolation between the
lattice constants of an alloy's constituents will give that of the alloy itself, predicts
that the lattice constant of Ala.Gai_a.As is given by xaAiAs + (1 — x)aGaAs

(Davies,

1998). Thus the lattice constants of G a A s and AlGaAs are sufficiently similar to
enable a lattice to be grown of these materials without undue strain between the
layers.
Electrons m a y be introduced to the interface via a number of methods.

A

c o m m o n method is modulation doping, where impurities are introduced into the
AlGaAs layer. The doped layer is spatially separated from the interface by an
undoped spacer layer, also of AlGaAs. This has the effect of increasing the mobility
of the sample by moving the donor ions away from the interface so that they do
not form scattering centres. A second method is to have a n + - G a A s gate on the
heterostructure, and confine electrons to the interface by biasing this gate, i.e., a
field effect transistor (Solomon et al., 1984).
Further confinement is realised by selective etching, or by using electrostatic
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methods. If a metal gate is evaporated onto the surface of the sample, the 2 D E G
regions below are depleted when the gate is negatively biased. If the gates are
appropriately placed, the carriers can be confined into a one-dimensional channel.
The confined systems made by these methods are not strictly two- or onedimensional. The extent of the electron wave function in the confined dimension,
whilst very much smaller than in the non-confined dimension, is not zero, and thus
the energy levels are split into discrete sub-bands. The accurate terms for the
confined systems discussed in this dissertation are therefore quasi-two dimensional
and quasi-one dimensional systems. Henceforth the "quasi" term is omitted in this
dissertation.
With advances in the quality of semiconductor samples, increasingly subtle effects have become observable. It is now possible to grow layered structures with very
few defects, and with layers deposited to atomic precision. Samples can be prepared
to test a hypothesis: for instance, a series of quantum wells with a range of well
widths, and a specific doping level, can be grown in order to measure the behaviour
of impurity energy levels as the confinement in the well is changed. Electron-beam
lithographic techniques, as well as other semiconductor processing techniques, have
come to the point where nanoscale devices can be fabricated.
The study of confined structures is of interest from both the scientific and a
technological point of view. Scientifically speaking, the study of confined systems is
of interest because the potentials in the system can be controlled to provide an ideal
environment for the observation of quantum effects in the laboratory. Phenomena
such as the quantum Hall effect also give direct information on fundamental constants such as the fine structure constant, a — e2/he. (In fact, the standard of
resistance is now defined in terms of the quantum Hall effect (p. 50 Prange and
Girvin, 1990).) Technologically speaking, the study of semiconductor devices is
important as the demand for smaller and faster electronics continues. Optoelectronic devices, such as quantum-well lasers, are significant in communications and
optical storage. Nanoscale devices are also becoming more important as electronic
equipment decreases in physical size whilst increasing in technical complexity.
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Electronic states in semiconductors

The band structure of bulk GaAs at room temperature and zero magnetic field is
shown schematically in Figure 1.1. G a A s is a direct gap semiconductor, as the
bottom of the conduction band is at the same point in k-space as the top of the
valence band. If a magnetic field is applied to this system, the bands are quantised
into Landau levels with energy spacing, Ec, given by

Ec = hwc = h—-,

(1)

m
where u>c is the cyclotron frequency, B is the applied magneticfield(in T ) and m* is
the carrier effective mass. If light of energy Ec is applied to the system a resonance
will be observed. Thus cyclotron resonance measurements essentially probe the
spacing between Landau levels.
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Figure 1.1: Band structure of bulk G a A s plotted against reduced wavevector, from
Petrou and M c C o m b e (1991).
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Using a one-band effective mass approximation (Petrou and M c C o m b e , 1991),
and considering wavevectors, k, of magnitude near zero where the conduction band
is approximately parabolic, the energy of a 3 D system can be written as

* = 2^(*2+*;+*_), (2)
and the density of states is proportional to yE.

W h e n a magneticfieldis applied

along the z direction, the motion of the electrons is restricted in the plane perpendicular to B, and the resulting quantised energy levels are given by

B = (W+l)(l_„ +

0, (3)

where _V is the number of occupied Landau levels, known as the Landau index, an
spin is neglected.
If the electrons are electrostatically confined as in a GaAs/AlGaAs heterostructure, the energy in the growth direction (conventionally labelled as the z direction)
is quantised, although the electrons are still free to move in the x — y plane. The
energy is given by

E = Ei + ^{kl + kl),

(4)

where Ei is the energy of the .th sub-band.
The density of states of a 2 D system is a series of step functions, as shown in
Figure 1.2(a), and is given by the relation p(E) = dn(E)/d(E) = m*i/7rh2 where
n(E) is the number of electronic states, per unit surface area, with energy less than
E, and i is the number of occupied sub-bands. At zero temperature the levels are
completelyfilledto the Fermi energy EF, and for temperatures such that kBT

<

EF this remains so to a good approximation. Therefore for a 2 D system at zero
magneticfieldthe Fermi energy is linearly related to the electron sheet density ns
by EF

—

nanh2/m*. The second sub-band begins to be populated when the Fermi

energy increases past the bottom of the second sub-band.
If a magneticfieldis applied perpendicular to the 2 D E G , the system becomes
completely quantised, and the energy becomes

E = Ei + (N+^)hue. (5)
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p(E) | (a)

p(E) 4 (b)

P(E)

p(E)

localised

Figure 1.2: Density of states ( D O S ) for low-dimensional electron gases, (a) In an
ideal system in zero magneticfieldthe D O S of a 2 D E G is a series of step functions.
(b) Further confinement produces I D sub-bands with D O S proportional to \/\jE.
(c) W h e n a magneticfieldis applied, the 2 D E G D O S splits into a set of (^-functions.
For large magneticfieldsthe ID tends towards the 2 D case, (d) In a real system
the ^-functions are broadened by disorder.
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The density of states for each sub-band is then a series of ^-functions at energies
(iV+ \)hu>c, as shown in Figure 1.2(c). However, any real system contains imperfections that will give rise to variations in the electrostatic potential energy throughout
the sample. A good analogy (Challis, 1992) is to consider the variations in gravitational potential energy as described by a contour map. The valleys and mountains
correspond to minima and maxima in potential energy. Valleys can be steep enough
to trap unwary travellers in their depths. In the same way electrostatic minima
can act as potential wells for charge carriers in semiconductor structures. In these
potential wells there are discrete energy levels, and these "bound" states are known
as localised states. However, in contrast to the macroscopic gravitational analogy,
electrons can tunnel through the barrier if the non-localised, or extended, states in
the surrounding areas have the same energy as those inside the well. Thus localised
states will only persist if they have energies corresponding to the energy gaps between the Landau levels, where there are no extended states. Because the localised
electrons are trapped, the localised state's do not carry any current. Disorder, such
as that produced by lattice defects, broadens the Landau levels by expanding the
number of extended state energies. So in a real system the density of states is broadened into bands of extended states separated by bands of localised states, as shown
in Figure 1.2(d). This is important in understanding the quantum Hall effect, and
will be discussed in more detail in Chapter 5.2.
So far, electron spin has been neglected in this discussion. The Landau levels
are split by the interaction of the electron spin with a magneticfield.This adds a
term msg*fiBB

to the energy given in Equation 5, where ms is the spin quantum

number, g* is the Lande g-factor, and fiB is the Bohr magneton. For an electron
m , — ±\, so each Landau level is spin split into a further two levels. This small
splitting (AB

?»40 m T at B = 13 T and ns = 2.6 x 10 10 cm" 2 ) has been observed

experimentally as a splitting in the cyclotron resonance peak (Summers et al, 1993).
Each spin-split level contains eB/h electrons per square metre. A useful quantity to define in this context is thefillingfactor, v. This is given by the total number
of electrons divided by the number of electrons per spin split level, or
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If a 2 D E G is further confined such that the electrons can only move freely in
the x direction, each 2 D sub-band is further split into a series of one dimensional
sub-bands, each of which have a lower limit at En, where n = 1,2,.... The energy,
E, of an electron in the nth I D sub-band is written as

E=Ea+l±. (7)
The density of states is proportional to 1/yE, and is shown in Figure 1.2(b).
W h e n a magnetic field is applied perpendicular to the growth direction, the
ID sub-bands tend towards the 2 D Landau levels. This behaviour is described in
greater detail in Chapter 6.

Chapter 2
Experimental techniques
2.1 Introduction

The bulk of the experimental work described in this dissertation was carried o
at the National Pulsed Magnet Laboratory ( N P M L ) , which is-part of the School of
Physics at the University of N e w South Wales, Australia. Some experiments were
also conducted at the State University of N e w York at Buffalo, U S A , and others at
the University of Wollongong, Australia. The experimental arrangement at N P M L
has been described by Lewis et al. (1997).
This chapter outlines the experimental techniques applied in this project. First
the far-infrared laser (Sec. 2.2) and the magnet systems (Sec. 2.3) are described.
Next the sample fabrication techniques used for the samples studied are outlined
(Sec. 2.4). This is followed by details of the experimental apparatus used, including
a discussion of the cryogenic apparatus (Sec. 2.5) and the electronics (Sec. 2.6) used
in both pulsed- and steady-field experiments. The laboratories at the University of
Wollongong and S U N Y at Buffalo are described in Sec. 2.7.

2.2 Far-infrared laser

The radiation used in this work is produced by an optically-pumped far-infrare
(FIR) laser (Edinburgh Instruments; FIRL 100). The p u m p laser is a mid-infrared
C 0 2 laser producing powers of more than 50 W , with wavelengths in the region of
11
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9-11 fim. The far-infrared laser produces radiation with wavelengths in the regi
of 40-1220 fim. T h e laser is shown in Figure 2.1.

Figure 2.1: Far-infrared laser. O n the side of the casing, in the centre of the picture,
is the gas handling manifold. T h e organic far-infrared lasing m e d i u m is in a glass
bottle protected by a perspex screen. O n top of the laser are the power meter
monitors and the F I R cavity pressure gauge. Beneath the bench are the rotary
p u m p s which control the cavity pressures, and the laser power supply. At the right
hand end of the laser, the brass switching mirror and the F I R power meter are
visible. Behind the laser is the brass light pipe entering a penetration in the pulseroom wall.

The C02 lasing medium is a special mixture of high-purity gases consisting of
7 % carbon dioxide, 18 % nitrogen and 75 % helium. The laser is designed to be

run with the gas flowing through the cavity continuously, and cannot be run with
the cavity sealed off.
T h e lasing transition of the C 0 2 laser is selected by means of a water-cooled

diffraction grating. A piezo-electric transducer allows power to be maximised by
fine tuning the cavity length. A movable mirror reflects the C02 beam into the
far-infrared cavity. If this mirror is raised the mid-infrared beam is directed
the laser and its power can be measured using a thermal power meter (Coherent;
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model 200/100).
A large range of discrete far-infrared frequencies are available by choosing different p u m p laser lines, and by using different organic gases, such as methanol vapour
or difluoromethane, in the laser cavity. Gas pressure and cavity length are adjusted
to maximise output power. The cavity length is adjusted by means of a micrometer
and stepper motor on the output coupler. A list of commonly-used laser lines is
given in Appendix C. The lines are identified by comparison with the extensive lists
(Douglas, 1987) given in the laser manual, and in a separate publication (Douglas,
1990).
The C 0 2 tube is internally profiled to suppress off-axis oscillations and higherorder modes. The far-infrared cavity is a 1.5 m long pyrex waveguide. Both laser
cavities are mounted on a c o m m o n frame offiveinvar rods to improve thermal and
mechanical stability.
The laser can be operated in either continuous or chopped mode. The C O 2
radiation can be chopped by modulating the discharge current using a function
generator (Goodwill; model GFG-8019). Circuitry is built into the power supply
such that when the modulation signal is greater than 4 V the discharge current is
turned off. W h e n the modulation signal drops below 1 V the current is switched
back on again. The laser will operate within a modulation frequency range of 01 kHz. In chopped m o d e the C 0 2 cavity must be operated at a reduced gas pressure
(< 20 mbar, compared to 20-40 mbar normally).
W h e n the far-infrared radiation leaves the laser, it is directed by means of a
brass switching mirror either into a calorimeter (Scientech; model MC2500), or into
a 12 m m diameter brass light-pipe leading to the sample. The standard position
for the calorimeter is approximately 50 c m from the output coupler. Powers, as
measured by the calorimeter in the standard position, range from < 1 m W to 70 m W ,
depending on the laser wavelength selected.
The brass light pipe guides the light from the laser to the top of the sample
probe. To reduce absorption of the radiation by atmospheric water vapour the light
pipe is evacuated using a rotary p u m p . The end of the light pipe closest to the
laser is covered with a polyethylene window which serves as a vacuum seal. The
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probe end of the light pipe is sealed with a quartz window. Polished brass mirrors,
mounted at an angle of 45° to the axis of the pipe, direct the light around the corners
encountered along the way
To isolate the laser system electrically from the sample, and from the pulsed
magnet power supply, the light pipe is interrupted above the cryostat connection and
a narrow plastic spacer inserted. This is important in pulsed magnet experiments as
the pulse room must be electrically isolated from the rest of the laboratory for safety
reasons. The plastic spacer is sufficiently wide to prevent electric arcing between the
metal light pipes, and hence from the pulsed magnet power supply to the outside
laboratory, in the event of a pulsed magnet failure. Additionally, this allows a single
earth point, eliminating the possibility of ground loops degrading the signal quality.
It is possible for the laser output to consist of light of several different wavelengths. Spectra such as that shown in Figure 2.2 result, where features due to
several different laser wavelengths are observed. This phenomenon is not uncomm o n and occurs when electrons can cascade through a series of lasing transitions
(Davis and Vass, 1988).

2.3 National Pulsed Magnet Laboratory

The bulk of the work reported here was carried out at the National Pulsed Magn
Laboratory ( N P M L ) at the University of N e w South Wales, Australia. This laboratory has the capability of producing magneticfieldsas large as 60 T over a 20 m s
time scale by the discharge of a large current through a cooled coil, as described by
Clark et al. (1994). Steadyfieldfacilities are also available.
The pulsed section of the laboratory consists of a blast-proof enclosure (the
pulse room) and a control area. The control area is situated on a mezzanine floor
beside the pulse room. The far-infrared laser is also located on the mezzanine floor,
outside but adjacent to the pulse room, 2.5 m above the laboratoryfloor.The overall
layout of the laboratory is shown in Figure 2.3, and a photograph of the pulse room,
showing its main components, is given in Figure 2.4.
Safety is an important consideration at the N P M L . The heavily-reinforced pulse
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Figure 2.2: n-GaAs spectrum where light of three different wavelengths, 215 f
230 fim, and 287 fim, is simultaneously emitted by the laser. The observed transitions due to these wavelengths are labelled on thefigure.C R = cyclotron resonance.

T = 1.4K.

room is designed to contain a 2-kg projectile moving at 300 m s - 1 in the event of
a catastrophic failure of the magnet coil or capacitor banks. The pulse room has
its own electrical earth, isolated from the rest of the laboratory, and all electrical
connections to the room (including those from the system-control and data-capture
computers) are by means offibre-opticlinks. All pumping lines etc. coming from
outside the room have plastic isolators. The computers are located on the external
mezzaninefloor.If a magnet coil should fail, it is likely to damage the cryostat in
use, venting the vacuum spaces and releasing cryogens which m a y then be released
from the pulse room. For this reason personnel are not permitted on the ground
floor during a magnet pulse. Rigorous safety procedures are in place which protect
personnel, both in every-day use and in the event of an emergency.
The transient magneticfieldis produced by charging the capacitor bank (132 m F ) to a set voltage (up to 7 kV). W h e n charged (60 s charge time) the stored
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Figure 2.3: Layout of N P M L . T h e grey shaded area is a mezzanine floor, and the area
inside the heavy black line is the shielded room, with the blue and green representing
experimental and magnet-control equipment, respectively. T h e dotted lines indicate
fibre-optic links, and the red denotes the F I R laser and light pipes. Experiment
station 1 is the 15.5 T superconducting magnet; 2 is the pulsed magnet and small
4
H e cryostat and 3 is the 3 H e cryostat.

energy is discharged through the magnet coil by means of semiconductor thyristor
switches. T h e resulting magneticfieldprofile is approximately a half sinusoid, and
is shown in Figure 2.12(a).
T w o different pulsed-magnet coils were used in the measurements described
here. These are both 50 T coils with a pulse length of 20 m s and bores of 22 m m and
24 m m respectively, the former was wound at K U Leuven, Belgium, by R. P. Starrett
(RPS) and L. Li, and the latter at the National High Magnetic Field Laboratory,
Florida, U S A , by P. Wise and B. Lesch. T h e Leuven coil is wound from copper
incorporating very thin micro-filaments of silver and is insulated with kapton. The
coil is internally reinforced with S-glass fibre and vacuum-impregnated with stycast
epoxy resin to provide mechanical strength. There is an additional outer reinforcement. T h e Florida magnet is m a d e from kapton-insulated glidcop. "Glidcop" is
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Figure 2.4: Inside the pulse room. T h e 3 H e cryostat is in the top left corner, and
the light pipe, with the plastic isolator, can be seen coming in from above. Beside
the cryostat is the 3 H e temperature controller, located on top of a shielded cabinet
containing the current source and preamplifiers. Another shielded cabinet is located
in the centre of the picture. This contains the transient recorder and thermometry
electronics. T h e grey cases in the top right corner form part of the capacitor bank,
and some of the switches and fuses are located in the centre right. T h e white line
between the shielded cabinets and the capacitors is the frame of the perspex screen
which separates the high voltage and experimental areas.
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copper reinforced with fine aluminium oxide particles. It has approximately twice
the strength of copper, but is still able to stretch if necessary. This coil also has
fibreglass internal reinforcing. The peakfieldof the coil is limited by its mechanical
strength, and therefore the design optimisation includes the even distribution of the
stress.
W h e n in use, the coils are pre-cooled to 77 K to provide a lower initial temperature. This increases the possible duration of the pulse. A crowbar circuit can be
used to reduce thefinaltemperature and hence prolong the pulse duration. A review
of pulsed magneticfieldtechniques is given in Herlach and van Bockstal (1991) and
the references therein.
Steady, or D C , magneticfieldswere also used for some of the measurements
described in this dissertation. The magnet used was a high-field solenoid system
made by Oxford Instruments Ltd (system type S13/15.5L-52-13) and is mounted
in a separate cryostat with a 30-mm room-temperature bore. This magnet can be
swept tofieldsof 13 T when the solenoid is at a temperature of 4.2 K. It is also
equipped with a lambda point refrigerator, which allows the magnet to be cooled to
a temperature of 2.2 K. With the coil at this temperature,fieldsof 15.5 T can be
reached. Further details of the laboratory can be found in Clark et al. (1994).

2.4 Sample fabrication

A variety of samples were investigated in the experiments discussed in this d
tion. The processing required to prepare the samples for these measurements varies
in complexity. The most simple are the samples with ohmic contacts applied to the
corners in a van der P a u w configuration (see Figure 5.2). More complex are the
Hall bar,fieldeffect transistor (FET) and quantum point contact ( Q P C ) devices.
This section outlines the techniques used to fabricate these devices once the heterostructure has been grown by molecular beam epitaxy on a semi-insulating G a A s
wafer.
The samples were obtained from a number of sources. A complete list of samples
used, and their provenances, is given in Table 2.1, where the fabrication refers to the
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patterning, etching and metallisation of devices. Different processes were re
for the different devices, and the main process steps are outlined in Table 2.2.

Chap.

Sample

3
4.2
4.2
4.2
4.3
4.4

B54

epilayer

G148
C3641

SHJ

5

Structure Device Material growth

Fabrication

BUFQWx

MQW
MQW
MQW
MQW

VDP
HB
HB
VDP
VDP
HB

C R . Stanley, Glasgow
C.T. Foxon, Oxford
W . Schaff, Cornell
W . Schaff, Cornell
M . Henini, Nottingham
W . Schaff, Cornell

1-25-94.2N5

SHJ

FET

L.N. Pfeiffer,
K W . West, N e w
L.N. Pfeiffer,
K . W . West, N e w
L.N. Pfeiffer,
K . W . West, N e w
L.N. Pfeiffer,
K . W . West, N e w

C4045
NU517

5

CNG28B

SHJ

FET

5.5.3

1-25-94.2P2

SHJ

FET

6

CNG26A

SHJ

QPC

none
Oxford
Z. Jiang
none
none
T. Yeo,
R. J. Heron
B.E. Kane

Jersey
SNF
Jersey
B.E. Kane
Jersey
SNF
Jersey

Table 2.1: Samples used in the experiments described in this dissertation. The
abbreviations in the third and fourth columns are as follows: SHJ = single heterojunction; M Q W — multiple quantum well; H B = Hall bar; V D P = van der Pauw;
F E T = field effect transistor; Q P C — quantum point contact. In the final colu m n , S N F refers to the Semiconductor Nanofabrication Facility at U N S W , where
the processing was carried out by N. E. Lumpkin and G. R. Facer.

The fabrication of the Hall bar samples studied in Chapter 4 refers to the patterning, etching and metallisation steps outlined in Table 2.2. This is carried out

using UV lithography techniques. Positive photoresist is spun onto the cleane

ple and baked before the sample is aligned to a mask and exposed to UV radiat
(A = 405-420 n m ) . The mask is in the form of the required pattern, in this case a

Hall bar (described in more detail in Chapter 5.2). The photoresist is sensit

UV radiation, and resistant to etchant (dilute aqueous NaOH/H202 solution), th
once the exposed photoresist has been developed it acts as a mask. This makes it

possible to etch unwanted parts of the sample to the desired depth, in this c
below the 2 D E G layer. The sample is then cleaned again, and metal is evaporated

onto appropriate regions of the sample to make electrical contact to the rema
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Hall bar

Field effect transistor

Quantum point contact

1. mesa pattern
and etch
2. ohmic contact
formation
3. bond and test

1. mesa pattern and etch
for device isolation
2. self aligned contact
formation
3. bond pad formation for
gate and ohmics
4. polyimide ohmic protection
5. bond and test

1. mesa pattern and etch
for device isolation
2. self aligned contact
formation
3. bond pad formation for
gate and ohmics
4. e-beam processing
5. polyimide ohmic
protection
6. bond and test

Table 2.2: S u m m a r y of lithographic processing steps for samples used in this dissertation.

2DEG. For these samples shadow masking was used in the evaporation process. An
aluminium mask was used to shield all parts of the sample except for the contact
regions, so the metal was deposited directly onto the desired areas. The metals used
were a A u / G e alloy (1000-2000 A ) , followed by In (> 5000 A ) . In order to aid the
connection of gold wires to the sample, indium dots were applied to the contacts.
The samples were then baked for thirty minutes, initially at «150 °C and then at
«470 °C, to alloy the metal.
For the F E T and Q P C samples discussed in Chapters 5 and 6, the fabrication
is somewhat more advanced (see e.g., Lumpkin et al, 1996; Williams, 1984). This
process is illustrated in Figure 2.5, and described in detail below.
The processes illustrated in Figure 2.5 are labelled alphabetically. The following
discussion will describe each step and refer to each diagram by its label. These are
steps 1-3 from Table 2.2 for the F E T and Q P C . Note that the Q P C requires a
slightly modified mask set, and has further processing steps which are described
after the F E T fabrication is described.
Beginning with a starting material, which is a heterostructure grown by molecular beam epitaxy, thefirststep in the process of making a device is the formation
of a mesa. The purpose of this is two-fold: the individual devices on the chip are
isolated from one another by etching away the connecting conducting cap layer; and
the area of the device is defined. The pattern is in the shape indicated by the plan
view in Figure 2.5(1).
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Figure 2.5: S u m m a r y of process steps for F E T and Q P C samples. Colour coding
is as follows: red = n+-GaAs, blue = GaAs, green = AlGaAs, tan = photoresist,
brown = ohmic contacts, yellow = bond pad metal, arrows = U V radiation, heavy
black line = mask, dotted line = 2 D E G . The individual process steps are described
in the text. This diagram is not drawn to scale.
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The sample is cleaned using several solvents, before positive photoresist is
onto the surface and baked (a). The sample is aligned under a mask which defines the
mesa pattern, and exposed to U V radiation of wavelength 405-420 n m (b). W h e n
the pattern is developed a layer of photoresist remains (c), the area beneath which
will remain untouched when the sample is placed into an etchant. The etchant used
is an aqueous solution of H C 1 / H 2 0 2 . This is a shallow etch of «500 A

reaching

down into the AlGaAs barrier layer (d). Finally, the sample is cleaned and the
remaining photoresist removed.
The next step is the formation of the ohmic contacts. The lithography steps
are similar to the mesa patterning and the sample is again cleaned with solvents,
and positive photoresist spun onto the sample and baked. The sample is aligned
to a mask of the contact pattern (the brown areas in the plan view sketch in Figure 2.5(2)) and exposed to U V radiation (e). The photoresist is developed (f), and
the developed photoresist is again exposed to U V radiation (blanket expose) and
baked to harden the photoresist. The sample is etched again, this time a deep etch,
«2000 A , extending below the 2 D E G layer (g). Next the sample is placed in a thermal evaporator and Ni/Ge/Au ohmic metal is evaporated onto the whole surface
(h). The sample is then placed in acetone. This dissolves the remaining photoresist, and the unwanted metalfloatsoff, leaving only the ohmic contacts in perfect
alignment with the ohmic etch (i). Finally, the metal is alloyed at a temperature of
«420 °C.
The last step illustrated in Figure 2.5 is the formation of bond pads. The
sample is again cleaned with solvents, and photoresist is spun and baked onto the
surface. The sample is then aligned with a mask that will allow conducting tracks
to be patterned from the ohmic contacts and gate, to large bond pads, as shown
in the plan view (3). The sample is exposed to U V radiation (j). For the metal
lift-off process, it is necessary to soak the sample in chlorobenzene to harden the
top of the photoresist (k). After this soak, the photoresist is developed. The result
of the chlorobenzene soak is a modified resist profile compared to that of standard
photolithography (1). This is necessary to ensure clean metal lift-off. The sample is
then placed in a thermal evaporator and Ti/Au metal deposited (m), and the excess
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metal lifted off in acetone (n). A photomicrograph of a complete device is shown
Figure 2.6.

Figure 2.6: Bond-pad patterning of a Q P C . Gold wires are bonded to the large pads
around the outside of the image.

The exact detail of the patterning varies depending on the type of devices
planned for the chip. Three FET or two QPC devices will fit onto one chip. Fig-

ure 2.5(1) shows three gate connections of a QPC on the mesa - this allows for
gate connections. The FET mesa pattern has only one of these connections, and

the bond pad pattern differs accordingly. The device shown in Figure 2.6 is a QP
showing all three gate connections. Photomicrographs of an FET and a QPC are
shown in Figures 5.4 and 6.1 respectively.
T h e term "self-aligned contacts" refers to the use of the same layer of photoresist

for both the etching and metallisation steps in the contact formation. This ensu

that the ohmic metals and the etch are precisely aligned. This process is descr

Kane et al. (1993). An unresolved problem with these contacts is that the magnet

field range over which they are usable is limited. At magnetic fields greater th

few Tesla the contacts become highly resistive and the data noisy. All ohmic co

have problems with magnetic field to some degree, however, these are accentuated

in the self-aligned ohmic contacts because contact is made to the 2DEG through a

CHAPTER

2. EXPERIMENTAL

TECHNIQUES

24

single edge, rather than the whole contact region as in diffusive ohmic contacts.
To define a Q P C on the chip, the sample undergoes further processing beyond the fabrication steps already described. The optical lithography techniques
described here have a resolution down to sal fim. For finer features, electron beam
(e-beam) lithography is required. Feature sizes as small as « 2 0 n m are achievable
using this technique. Polymethylmethacrylate ( P M M A ) , the e-beam resist, is spun
onto the sample and baked. P M M A behaves in much the same way under electron
irradiation as photoresist does under U V . The Q P C pattern is written onto the device by electron-beam lithography. The pattern is then developed and the sample
etched as before.
Next, a protective layer of polyimide is patterned over the contact region since
the ohmic contact regions can be shorted to the top gate by dirt falling onto them.
Photodefinable polyimide is spun onto the sample and baked. The polyimide is
patterned using similar U V alignment and exposure techniques discussed earlier for
the photoresist. The polyimide is then cured to form a permanent protection film.
This film covers the ohmic contacts only, and therefore does not interfere with the
far-infrared measurements of the sample.
Thefinalstep is to bond and test the device. Gold wire is bonded to the sample
using an ultrasonic ball bonder. These balls are visible as black circles in Figure 2.6.

2.5 Experimental arrangements
2.5.1 Pulsed-field measurements
T w o different cryogenic systems were used in conjunction with the pulsed magnetic
fields: a 3 H e cryostat, capable of temperatures below 400 m K , and a fibreglass
cryostat, used at temperatures of 77 K, 4.2 K and 1.2 K.

2.5.1.1 3He system
The 3 H e cryostat (Oxford Instruments) used in conjunction with the pulsed magnets
allows measurements to be made at sample temperatures below 400 m K , and in
magneticfieldsof up to 50 T. The low temperatures are achieved by pumping on an
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isotope of helium, 3 He. The boiling point of the 3 H e isotope is 3.2 K, and when the
vapour pressure above the liquid is lowered, the temperature drops to a base value
of 0.3 K.
The purpose-built cryostat has four narrow glass tails which extend inside the
pulsed magnet coil. In the event of a magnet failure, these tails are designed to shear
apart, leaving the rest of the cryostat intact. The tails themselves are relatively easily
replaced, as they are simply straight glass tubes of an appropriate diameter, closed
at one end. They are joined to the cryostat by means of a commercially available
graded glass to metal seal (Verelec Inc.).
The central sample space is thermally isolated from the outside by a series of
vacuum chambers and spaces containing cryogenic liquids. The outermost space
is the large outer vacuum chamber, or O V C , containing a nitrogen shield. D u e to
space restrictions within the bore of the magnet, this shield does not have its own
glass tail, but is thermally anchored to the O V C tail. For this reason the O V C tail
must be immersed in liquid nitrogen. Thermal contraction between the outer O V C
can and the nitrogen shield is allowed for by a bellows arrangement. A set of metal
tails exist for use in the superconducting magnet. In this set the nitrogen shield has
its own tail, and the O V C tail is at room temperature.
Inside the O V C space is the 4 H e bath which contains the main reservoir of
liquid helium. This is isolated from the central sample space by the inner vacuum
chamber, or IVC. This small vacuum chamber contains the " I K pot" and the
charcoal "sorb" described below. Within the IVC (and extending above it to the
top of the cryostat) is the sample space. Both vacuum spaces, as well as the main
bath and the sample space, extend to glass tails, as described above. These tails
must not be in thermal contact if base temperature is to be achieved. The separation
between each tail is just 1 m m , due to the size of the smaller magnet bore (22 m m
in diameter), so great care must be taken during assembly to ensure that they do
not touch. The sample space, IVC, main helium bath and O V C tails have outside
diameters of 7 m m , 12 m m , 16 m m and 20 m m , respectively.
All vacuum seals that are in thermal contact with any cryogenic liquid are made
using indium wire. This wire is extruded on site using a custom-made press and
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re-refined indium. Care must be taken that the indium is very clean, as impuri

can result in a faulty seal. The usual diameter of the wire is 1 mm, but seali

surfaces with slight irregularities can still be used with the application of
thick indium, also extruded on site.
The sample space contains 3He, and it is this refrigerating medium which allows low temperatures to be attained in this cryostat. Central to the process

temperature-controlled charcoal sorption pump, or "sorb". When this is cold (4

it acts as a pump, absorbing 3He gas. When it is warm (above 30 K) it out-gasse

If the cryostat is not in immediate use, the sorb is left cold with the 3He ga

safely inside. The 3He in the cryostat is isolated from the main external 3He du
by the use of an intermediate dump, large enough to contain all of the gas in
system safely at room temperature. This ensures that in the event of a magnet

failure resulting in the venting of the inner space, only the 3He gas in immed
is lost.
To obtain sample temperatures of approximately 1.4 K the sorb is warmed to

50 K, allowing the 3He gas to circulate in the sample space. A condenser, or "p

which is in thermal contact with the sample space, is cooled to 1.2 K by filli
with 4He liquid from the main bath and pumping on it. The 3He gas coming into

contact with this cold surface condenses and runs down to the bottom of the s
space where the sample is mounted, thus cooling the sample. To achieve a base

temperature of 300 mK, the sorb is re-cooled to 4 K so that it acts as a pump.

reduces the vapour pressure of the 3He liquid and cools it to below its normal

point of 3.2 K. A heat exchanger is employed to cool the section of the sampl

wall between the sorb and the pot. This is necessary to ensure that the pot r
at a constant temperature. Figure 2.7 shows these features of the system.
This 3He system has a complicated geometry because it is top loading, i.e.,

samples are mounted on a probe which can be loaded without breaking any intern
seals. This has the very great advantage that samples may be changed without
warming the entire system to room temperature. A gate valve on the top of the

cryostat allows the vacuum-tight probe to be inserted without compromising the

vacuum integrity of the sample space. The probe extends telescopically down th
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Figure 2.7: Inside the 3 H e system. T h e I V C
normally seals to the flange at the top of the
picture, and the sample space glass tail extends
from the bottom. T h e pot can be seen at the
bottom of the picture, and the sorb is half way
up. T h e heat exchanger coils can be seen on
the sorb and below it. Pumping lines, needle
valve connections and the sample space extend
upwards to the top of the cryostat.

sample space until the sample is positioned at the centre of the magnet bore.
A n optical top-loading probe (Oxford Instruments) was specified for this project
by R. A. Lewis ( R A L ) and R P S , and commissioned by R. J. Heron (RJH), R A L
and R P S . It has a wide central light pipe which allows light to fall on the sample
with a m i n i m u m of attenuation. Because the sample-space glass tail has an inside
diameter of only 5 m m , the light pipe needs to be coned down to an outside diameter
of 4 m m . T h e final, narrower section of light pipe is a 33 c m long stainless-steel tube.
This tube is split lengthwise to minimise eddy-current heating during the magnet
pulse. T h e sample mount, m a d e of polycarbonate, and shown in Figure 2.8, carries
a surface mounted R u 0 2 resistor chip for thermometry and a Faraday pick-up coil
for field calibration, in addition to the sample itself.
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Figure 2.8: Brass cone and filter mount,
stainless-steel light pipe and polycarbonate
sample mount used for narrow-bore (high-field,
low-temperature) photoconductivity measurements, from Lewis et al. (1997). (a) brass cone;
(b) quartz coldfilter;(c) split tube; (d) polycarbonate sample mount; (e) sample; (f) R u 0 2
thermometer; (g) pick-up coil. The cone and
mount are drawn to (separate) scale, with the
scale indicated below each item.

10 mm

2.5.1.2

Small 4 H e cryostat

A simplefibreglasscryostat was also found to be very useful with the pulsed magnets when temperatures only as low as ~ 4 K were required. This cryostat was
designed by D. G. Rickel ( D G R ) of the National High Magnetic Field Laboratory,
Los Alamos National Laboratory, N e w Mexico, U S A , for use in a series of extremely
high magneticfieldexperiments (Kane et al, 1997). These magneticfieldswere
destructive, thus requiring a "disposable" cryostat. The cryostat is simply a helium
reservoir protected by a superinsulated vacuum jacket, as illustrated in Figure 2.9.
A n external nitrogen radiation shield is provided by the nitrogen bath cooling the
magnet. The cryostat is made of G 1 0 composite material, and has a body with an
outside diameter of 130 m m .
A sample probe was built for use with this cryostat by R J H and R P S . A length
of half-inch thin-walled stainless-steel tubing was used as a light pipe, coning down
to an outside diameter of 4 m m at the tail of the cryostat. The cone and split tube
arrangement from the 3 H e probe, shown in Figure 2.8, was also used in this probe.
For adequate electrical shielding of the signal it was found to be necessary to use
stainless-steel coaxial cable (Lakeshore Cryotronics) for the wiring on the upper part
of the probe.
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Figure 2.9: Small G 1 0 4 H e cryostat. T h e
body has an outside diameter of 130 m m and
the entire cryostat is 860 m m in length. T h e
vacuum chamber pumping port is visible in
the right of the picture.

T h e advantages of this apparatus over the 3 H e system are in its ease of use
and economy in liquid helium requirements. T h e cryostat can befilledwith helium
immediately before it is needed, and has a helium hold time of approximately ten
hours. O n days when the cryostat is not required, it is sufficient to merely leave the
magnet cold. Samples can be changed within an hour with this apparatus, making
it ideal for preliminary characterisation measurements. Once adequate electrical
shielding was added to the sample probe, the quality of the data obtained with
this setup, although at higher temperature, was as good if not better than that
obtained in the well-shielded 3 H e system. Data taken from the two cryostats m a y
be compared in Figure 2.10. T h e main features are seen in both traces, although
an exact comparison of these data sets is not possible because of differences in
temperature.
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Figure 2.10: Comparison of data taken with the two pulsed magnets. In both case
the sample is bulk n-GaAs, B54, and the laser wavelength A = 118.8 fim. T = 4.2 K
for the Florida magnet data and T — 1.4 K for the Leuven magnet data. The
additional peak at 2.9 T in the Florida coil trace is due to the presence of 135.7 fim
wavelength radiation in the laser beam.

2.5.2 Measurements in slowly-varying fields
Variable-temperature cryostat
A variable-temperature cryostat (Clarendon Laboratory) is used in conjunction with
the superconducting magnet. Although this cryostat may be operated at any temperature between 100 K and 1.2 K, the usual operating temperatures were either

4.2 K or 1.6 K. The temperature is controlled by balancing the flow of helium i
narrow annulus outside (and in thermal contact with) the sample space against the

heat load of the system. For operation below 4 K a large pump is required to lo
the vapour pressure of the helium in the flow tube sufficiently.
The cryostat sample space has an inside diameter of approximately 16 m m .

A probe was designed and built for far-infrared measurements in this cryostat b

RJH, RPS and DGR. It is essentially a half-inch stainless-steel tube of approp
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length to place a polycarbonate sample mount at the magneticfieldcentre. The
sample mount has an 8-way dual-in-line (DIL) socket glued into position beneath
a cone similar to that in shown Figure 2.8. The wiring winds around the tube to
the DIL socket which is permanently wired, in contrast to the sample wiring used
in the pulsed magnets. The cone can slide up to allow a DIL header to be fitted
into the socket. This makes sample changing simple, as samples are mounted on
the standard headers and no soldering on the probe is required. The samples are
protected from dust by a black polyethylene lid. A surface-mounted R u 0 2 resistor
chip is attached to the sample mount for thermometry. Copper thermal anchors
are placed at intervals along the light pipe in order to ensure good thermal contact
between the sample probe and the cryostat.

2.6 Measurement techniques
2.6.1 Pulsed-field measurements
Changes in sample resistance during afieldsweep are detected viafinewires attached
to the sample. These wires are twisted into pairs to minimise dB/dt induced emf.
Current from a current source of adjustable current and series resistance is fed
through the sample and this current is measured, as is the voltage drop across the
sample. Normally a four-terminal measurement is made, although in some cases only
a three- or two-terminal measurement is possible, due to loss of one or more ohmic
contacts during the cooling process. Current and voltage preamplifiers (Stanford
Research Systems (SRS); model SR650) amplify the signals, and feed into a fourchannel transient recorder (LeCroy 6810 waveform recorder system). Great care
is taken to avoid earth loops in the circuits. The measurement circuit is shown
schematically in Figure 2.11. Locally written software ("Pulse", by R P S ) is used for
data acquisition.
Measurements may be taken in either constant current (sample impedance

<

current source impedance) or constant voltage (current source impedance < sample
impedance) mode. The more commonly used method is constant current, as this
allows the voltage drop across the sample to be measured in a configuration both
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Figure 2.11: Schematic diagram of the measurement circuit used in pulsed-field experiments. The signal is amplified before being captured by the transient recorder
and transferred viafibre-opticlink to the data acquisition computer in the control area. The pick-up coil signal is also captured by the transient recorder. The
thermometer is monitored using a lock-in amplifier.

parallel and perpendicular to the current path. In this way both the Hall and

longitudinal resistivities, pxy and pxx, are measured. However, it is found that
samples which show a large magnetoresistance, such as the bulk n-GaAs sample

discussed in Chapter 3, the constant voltage mode gives less noisy data. In pr

the best results are expected with sample and current source impedances matched
but a number of preliminary experiments are needed with each sample in order

to ascertain the optimal impedance conditions. Other experimental variables th

influence the quality of the data include the magnitude of the current supplie
the source and the specific combination of sample contacts used.
The magneticfieldstrength is measured using a pick-up coil mounted as shown

in Figure 2.8. The pick-up coil signal is proportional to dB/dt and is integrat

with respect to time to give the magnetic field. The magnet coil was calibrated

using a standard pick-up coil, and has been checked using the cyclotron resona

measurements described in Chapter 3.5.1. The positions of the cyclotron resona

in both up and down traces confirm the accuracy of the standard bank-voltage-to
field calibration.
The sample temperature is determined by monitoring the resistance of the
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R u 0 2 resistor. This is commonly accomplished by a four-terminal measurement
using a lock-in amplifier, but can also be measured in a two-terminal configuration
using a digital voltmeter. Several R u 0 2 chips are available, with nominal roomtemperature resistances of 1 kfi, 2 kfi or 5 kfl. The resistors are calibrated from
room temperature to below 300 m K , although they are most sensitive in the low
temperature range. For instance, the 1 kQ resistor has a resistance of approximately
1.07 k Q at 77 K, 1.52 kfl at 4.2 K, and 2.7 k Q at 300 m K .
Whilst the experimental geometry used in these measurements is strictly the
Faraday configuration (k || B), the light falling on the sample has been reflected
inside the light pipe so that in general there is some component of the wave-vector of
the radiation, k, perpendicular to the magneticfield(Voigt configuration: k _L B).
This means that transitions that are strictly forbidden by the selection rules in the
Faraday configuration m a y actually be observed. A n example of this is the Is —>
2po transition in n-GaAs.
For the type of magneto-spectroscopic measurement described here, a series
of four magnet pulses or "shots" is taken at each magneticfieldvalue and laser
wavelength. The voltage recorded in each shot is not only that due to the light and
changingfieldacting on the sample - there is also inevitably a component that is
proportional to dB/dt. If the polarity of the current through the sample is reversed,
the part of the signal in which we are interested is also reversed. However, the
unwanted dB/dt pick up is unchanged. Therefore, if measurements are taken in both
current directions the induced dB/dt signal can be eliminated. It is also important to
know the behaviour of the sample infieldwith no far-infrared radiation incident on
the sample, so that any background (non-optical) effects can be subtracted. "Light
off" measurements are therefore also taken in both current directions to allow the
subtraction of pure magneto-resistance.
With this information, the measured voltage and current signals can be analysed
fully. Knowing the sensitivity settings of the transient recorder and the preamplifier
gains, the data can be analysed in the form of current, voltage or conductance
traces, as demonstrated in Figure 2.12. The steps are labelled alphabetically, and
are referred to by these labels in the following discussion.
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Figure 2.12: Pulsed-field data analysis. The individual steps are described in the
text. The data used in this illustration are from the bulk n-GaAs sample, B54, for
A = 118.8 fim and T = 1.4 K.
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The software records four channels of data, each collecting 8192 data points.

One of these channels must record the signal from the pick-up coil, so that the

profile is measured, and the remaining three channels record the signal from th

sample. The first step in analysing the data is to integrate the pick-up coil s

to give the magnetic field (a). The raw current and voltage spectra versus time

are shown in (b). The subscripts "on" and "off" refer to the sample illuminatio

Upper spectra (i.e., positive y-axis) have positive polarity current, and lower

have reverse polarity current. The current and voltage spectra are then convert
to units of nanoamps and volts, respectively, and plotted against the magnetic

calculated from the pick-up coil signal (c). Induced dB/dt pickup is eliminate
subtracting reverse polarity data (d). Conductance is calculated for light-on

light-off data (e). The final conductance is calculated by subtracting the lig
from the light-on conductance (f). The latter three figures show data for the

up sweeps only, whereas the first three figures show both up and down sweep dat

The data used for this illustration was from the bulk n-GaAs sample discussed i
Chapter 3 for laser wavelength A = 118.8 fim.

2.6.2 Measurements in slowly-varying fields
Measurements in the superconducting magnet are also made by detecting changes

in sample resistance. Several techniques are employed, depending on the type of

measurement being made. Because the frequency of the laser is fixed, all magnetospectroscopy carried out at NPML is by sweeping the magnetic field.
All measurement techniques described in this subsection involve the use of
Lab VIEW™ programs written by G. R. Facer, DGR, RPS and/or RJH.

2.6.2.1 Transport measurements

Transport measurements are made by passing an AC current through the sample and
measuring the voltage drop across the sample with a digital lock-in amplifier

model SR830). This instrument is controlled remotely via a GPIB (general purpos

interface bus) interface. The arrangement is shown schematically in Figure 2.13
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(a)
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Figure 2.13: Slowly-varyingfieldmeasurement circuitry, (a) Transport measurements. A n A C current is passed through the sample, and changes in voltage are
recorded as the magneticfieldis swept, (b) Doubly-modulated far-infrared measurements. Both the current and the light are modulated, requiring two lock-in
amplifiers. The circuits shown are for gated samples where the gate voltage is provided by the internal D A C of the lock-in.
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The A C current is provided by the internal oscillator of the lock-in amplifier.
Typically the excitation signal for this type of measurement is 100 m V at 31 Hz,
with a load resistor of 1 Mf2. In gated samples, such as the F E T and Q P C samples
discussed in Chapters 5 and 6, the gate voltage is provided either by a battery in
series with a resistor, or by the digital-to-analogue converter ( D A C ) of the lock-in.
The gate is protected from voltage spikes by an R Cfilter(r = 1 s). W h e n the D A C
is used, afilteris also used to smooth the D A C output. Thisfilterhas a 5 s time
constant. For experiments where a gate voltage is swept, the computer-controllable
D A C is used.

2.6.2.2 Far-infrared measurements
For far-infrared measurements the light is modulated in order to detect light dependent changes in conductivity. This m a y be done either by modulating the discharge
current of the C 0 2 laser, or by mechanically chopping the light as it leaves the laser
cavity. The latter method was found to give the better results, as the former is liable
to introduce electrical noise due to the switching of the high-voltage supply. The
chopper driving signal is also fed into the appropriate lock-in amplifier as a reference
signal.
The current through the sample can either be direct or alternating. The simplest method is to use a D C current, but it is then possible to detect unwanted
current-dependent photovoltaic effects, as well as the desired photoconductive signal. This effect is shown in Figure 2.14, where the photoresponse of the sample is
measured as a function of D C excitation voltage. A response is still observed when
the applied voltage is zero.
To avoid the problem of contaminating photovoltaic signals, an A C current,
oscillating at a sufficiently different frequency from the frequency of modulation of
the light, is used for the excitation. Detection then requires two lock-in amplifiers,
thefirstof which (Princeton Applied Research ( P A R C ) ; model 5210) is referenced to
the laser modulation, which is typically 74 Hz. The output of this lock-in amplifier,
before R Cfiltering,is fed into the input of the second lock-in amplifier (SRS; model
SR830). This lock-in supplies the slowly varying (typically 2 Hz) A C current. A
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Figure 2.14: Photovoltaic response measurements. A strong response to FIR irradiation is observed even at zero current. For these measurements the load resistor
was 1 Mf», A = 184.3 fim and T = 4.2 K.

schematic diagram of this double modulation arrangement is shown in Figure 2.15
A voltage and a current preamplifier (SRS; model SR650) are also used in the circuit.
The voltage preamplifier is used for amplification and as an electronic buffer before
the lock-in, and the current preamplifier serves as a current monitor. The output of
the current preamplifier is monitored manually via a digital voltmeter; this is simply
to check that the sample is still conducting appropriately. The circuitry is shown
in Figure 2.13(b). As for transport measurements, the output of the S R S SR-830
digital lock-in amplifier is sent to a computer via a G P I B interface. The data are
recorded using a Lab V I E W ™ program.
Care must be taken to ensure that the circuitry is electrically isolated, for
reasons of noise reduction. Ground loops are a major source of noise in the data,
and it is important that they be avoided. In order to avoid such noise problems,
the reference signal from the laser passes through an opto-isolator before being
connected to the lock-in amplifier .
For all superconducting magnet experiments magnet hysteresis must be com-
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Figure 2.15: Schematic diagram of the double-modulated photoconductivity experiment.

pensated for. As shown in Figure 2.16, otherwise identical spectra are shifted in
relative to one another due to differences in sweeping direction. All measurements
described in this dissertation are m a d e with thefieldsweeping up.

2.7 Other experimental arrangements
2.7.1 Measurements at the University of Wollongong
Some of the measurements described in Chapter 4 were carried out at the University
of Wollongong. T h e laboratory used there is equipped with a Fourier-transform
spectrometer and a 7 T superconducting magnet (Oxford Instruments). The magnet
isfittedwith a variable temperature insert, making measurements possible over the
range from 1.2 K to room temperature.
Both photoconductivity and transmission measurements are possible in this
laboratory. A choice of several helium-cooled bolometers in their o w n cryostats
cover a large range of energies through use of appropriate cold filters.
Data acquisition using the spectrometer is via locally written software (R. E. M .
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Figure 2.16: Magnet hysteresis illustrated by comparing two transport sweeps differing only in m a g n e t sweep direction. For both sweeps the sample is the F E T
sample A from Chapter 5 with ns = 2 x 10 1 1 c m " 2 and T = 4.2 K.

Vickers). T h e signal is amplified using current and voltage preamplifiers (SRS; model
SR650). T h e current used is a D C current produced by a battery. Photoconductivity
data are taken using a Macintosh analogue-to-digital converter and software.

2.7.2

M e a s u r e m e n t s at S U N Y at Buffalo

Other measurements described in Chapter 4 were carried out at the State University of N e w York at Buffalo, U S A , in the laboratory of B. D. M c C o m b e .

This

laboratory is equipped with a far-infrared laser (Apollo Lasers Inc.; model 122),
a 15/17 T superconducting m a g n e t (Oxford Instruments), a 9 T superconducting
magnet (American Magnetics Inc.) and a Fourier-transform spectrometer ( B o m e m ;
DA3.02). Both the spectrometer and laser can be used with either magnet, giving
a great deal offlexibilityin the experimental configurations. Again, both transmission and photoconductivity measurements are possible, with a choice of detectors,
covering a wide range of far-infrared energies.
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Photoconductivity data are taken using locally written software (S. Holmes).
A constant current source (Lakeshore; model 120) is used, and the signal passed
through a preamplifier ( E G & G / P A R C ; model 113) to a digital voltmeter (Keithley;
model 195A) in D C mode, or a lock-in amplifier (PARC; model 124A) in A C mode.
Transmission data are acquired using B o m e m Inc. software ( P C D A ver. 1.2E) used
in conjunction with a Ge:Ga detector. This detector operates in the energy range
of 80-300 cm" 1 .

Chapter 3
Investigations into bulk GaAs
3.1 Introduction

Hydrogenic systems are of interest in different branches of physics. As well as
analysed for their own sake, hydrogenic systems are of interest to workers infieldsas
diverse as chaos theory (Friedrich and Wintgen, 1989) and astrophysics (Garstang,
1977), as well as in condensed matter physics.
Perhaps the best example of a simple hydrogenic system is that consisting of the
shallow donor states of the doped semiconductor n-GaAs. This chapter describes
measurements made of n-GaAs to high magneticfields(Lewis et al, 1996) and gives
a quantitative evaluation of the zero-field central-cell correction for two donors in
this material (Heron et al, 1999b).
With a nearly parabolic conduction band which has its absolute minimum at
the centre of the Brillouin zone, n-GaAs essentially mirrors the hydrogen atom. It
has a small effective mass m * of 0.0665me (Stillman et al, 1977) and a large dielectric
constant e of 12.56 (Stillman et al, 1971), resulting in very small binding energies,
e.g., the ground state binding energy is 5.72 m e V . This means that the energy levels
in the material are scaled down, and the high-magnetic-field regime (defined below)
is brought to within the reach of laboratory magnets. Apart from this scaling, there
are, however, several corrections that need to be made to the general theory for
hydrogen in order tofitthis specific semiconductor. These include corrections for
chemical shifts of the different donor species, as well as more subtle corrections for
42
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conduction band non-parabolicity and anisotropy. All of these correction terms are
magnetic-field-dependent.
Until recently most of the studies of the type discussed in this chapter have been
carried out in relatively low magneticfields,< 6 T. In 1994 data were extended to
15 T (Michels et al, 1994). The experimental apparatus described in Chapter 2.5.1
gives an opportunity to measure central-cell corrections, and to test the effective
mass theory to high magneticfields,>40 T. Whilst measurements extending to fields
of 150 T have been reported (Najda et al, 1989c), these concentrated on measuring
band non-parabolicity effects, and also involved considerably higher photon energies
than those considered in this dissertation.
In the present case, bulk n-type G a A s was also of interest in proving the new farinfrared facility. As an already well-characterised material at low magneticfieldsit
is ideal for initial experiments. Excellent agreement is found between data obtained
using this facility and data from the literature.
In this chapter the bulk semiconductor, n-GaAs, is discussed. Sec. 3.2 discusses
the theoretical background of the experiments, while Sec. 3.3 gives an overview of
previous magnetospectroscopy measurements of this material. Details of the sample
used are given in Sec. 3.4. Experimental results are then discussed in Sec. 3.5. First
cyclotron resonance measurements are discussed in Sec. 3.5.1. This is followed by a
description of other transitions observed - both transitions from ionised donor states
to Landau levels (Sec. 3.5.2) and transitions from the neutral donor ground state to
stable and metastablefinalstates (Sec. 3.5.3). Finally, Sec. 3.5.4 gives a discussion
of the central-cell corrections determined for the donors in this sample (sulphur and
silicon).

3.2 Theoretical background
In the context of hydrogenic theory, several units have been defined. A convenient unit of energy is the Rydberg Ry, which is the ground state binding energy of the hydrogen atom. The Rydberg is given by Ry = e2/8Tre0a0 = 13.6 eV,
where a 0 = 4ire0h2/me2 = 0.529 A

is the Bohr radius. In discussing the hydro-
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genie system in donor doped GaAs, the effective Rydberg Ry* is used: Ry* =
m*Ry/mee2 — 5.72 meV (Stillman et al, 1977). Analogously to the hydrogen atom,
the energy of the nth level is given by Ry*/n2.
The application of a magnetic field to hydrogenic systems lifts the zero-field
degeneracy of the energy levels, and permits the observation of cyclotron resonance (CR). A measure of magnetic field is given by the dimensionless parameter
7 = ^kujc/Ry*, where u>c — eB/m* is the cyclotron frequency. An "intermediate"

field is defined to be in the region of 7 = 1. For n-GaAs, 7 = 1 when B — 6.57 T
In the hydrogen atom, 7 = 1 corresponds to a field of 235 kT.
Two labelling schemes are used for hydrogenic energy levels. For low magnetic

fields, 7 <C 1, atomic labelling is used, although it is strictly applicable onl

magnetic field. This is the familiar s,p, d etc. labelling, using the quantum nu
(n,l,m), where n is the principal quantum number, I is the angular momentum
quantum number, and m is the magnetic quantum number.

In high fields, 7 ^> 1, this notation is no longer appropriate. The energy level
eventually merge with the Landau levels, and the Landau number becomes a good
quantum number. A high field notation (Simola and Virtamo, 1978) is (N,m,v),
where N is the appropriate Landau level, m is the magnetic quantum number, and

v is the number of nodes of the eigenstate in the direction of the magnetic fiel
m = N,N — 1,_V - 2,..., -00 and v = 0,1, 2,..., 00.
For high magnetic fields Simola and Virtamo (1978) found two classes of states:

bound hydrogen-like states, and metastable states. All states corresponding to t
ground Landau level, N = 0, are bound, and may be given an atomic label. For

N > 1 only states with m = N are bound. All other states, i.e., those with m < N

are metastable. These are not truly bound because at least one Landau state exis

with the same value of m, and a radiationless transition to the continuum is pos

For this reason these states are also described as "auto ionising". The metastab
states have no corresponding zero-field atomic states. A correspondence diagram
is shown in Figure 3.1. All bound states have a high field equivalent notation,

instance the familiar 2p+1, 2p_i and 2p0 states are labelled (110), (0T0) and (00
respectively, in high field notation.

CHAPTER

fisQ

3. INVESTIGATIONS INTO BULK GaAs

#«1

0>1

45

/|»1

Figure 3.1: Correspondence diagram for low- and high-magnetic-field notation, from
Simola and Virtamo (1978). The magneticfieldparameterfiin Simola and Virtamo
(1978) is equivalent to the parameter 7 used in this dissertation.

Calculations in all magneticfieldregimes have been performed. Early theoretical studies concentrated predominantly on the low-field and high-field limits. Rosner
et al. (1984), and later Makado and McGill (1986), have calculated energy levels for
a wide range of magneticfieldstrengths. Makado and McGill (1986) present the
most comprehensive set of energy levels (up to n = 4 for magneticfieldsup to
7 = 10) and for this reason are often quoted in condensed matter studies. Some of
the results of their calculations are shown in Figures 3.2 and 3.3.
In a real semiconductor system there will be more than one donor present.
These different donors will have slightly different potentials at the impurity site,
and thus the transition energies will differ slightly for the distinct donors. This is
observable as a splitting of the spectral lines, and is known as a "chemical shift".
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Figure 3.2: Calculated energy levels for a hydrogenic system, after Makado and
McGill (1986). (a) For large values of 7, the levels merge with the Landau levels.
(b) Zooming in on the origin shows the complicated lowfieldenergy level structure.
colours indicate zero-field principal quantum numbers, n: black = 1; red = 2; blue
= 3; green = 4. These lines have been drawn by joining the calculated points.
Discontinuities are most likely due to typographical errors in the original paper and
no attempt has been m a d e to correct them.
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Figure 3.3: Calculated transition energies for transitions from the grou
for a hydrogenic system, after Makado and McGill (1986). The colours indicate
magnetic quantum numbers, m: red = 0; blue = +1; green = -1; cyan = +2; magenta
= -2; yellow = +3; black = -3. As in Figure 3.2 these lines have been drawn by
joining the calculated points. Discontinuities are most likely due to typographical
errors in the original paper and no attempt has been made to correct them.

It is quantified in terms of a "central-cell correction", which is a cor
hydrogenic theory, as the theory makes no allowance for these different

tentials. The shift is entirely attributable to the even-parity ground s

wave functions of the odd parity final states have zero amplitude at the
site and will not be affected.
Thefirstdefinite observation of the chemical shift was by Fetterman et al.
(1971). They write the central-cell correction for a donor of species j
AEj = KJm<))\2, (8)

where Kj is a donor species dependent constant, and $(r) is the envelope
appearing in the effective-mass wave function. Cabib et al. (1971) have
|<-(0)|2 for a wide range of magnetic fields.
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The effective-mass approximation assumes that the conduction band is perfectly
parabolic and isotropic, but this is not quite the case. There is a slight band nonparabolicity, observable in the deviation of the cyclotron resonance energy from
a perfectly linear relationship to magnetic field. This has been described by the
following equation (Hopkins et al, 1987b; Michels et al, 1994):

m* =ml(l- \f-Ec^ , (9)
where m^ is the cyclotron mass extrapolated to B — 0, Eg is the band-gap of G a A s
(taken to be 1519 m e V ) , and K2 is an empirically determined quantity. There is also
a slight anisotropy of the conduction band, revealed by measurements of the effective
mass as the magneticfielddirection is changed relative to the crystallographic planes.
Polaron effects are also observable in polar semiconductor systems such as
GaAs.

A polaron is a quasi-particle formed when the motion of an electron is

coupled to the polarisationfieldof longitudinal-optical (LO) phonons (Lindemann
et al, 1983). Resonant polaron effects are observed in the reststrahlen band region
where the energy of the L O phonons (huJLO) is comparable to the energy difference between the Landau levels (EN - EN>). The higher energy Landau level (EN)
is split, and both branches are pinned to the energy of the lower state plus one
optical phonon (EN> + TUJJLO)-

The strength of the electron-phonon interaction is

determined by the dimensionless Frohlich coupling constant a which is very small
in G a A s (a «0.04 (Sigg et al, 1983)), therefore polaron effects are very small away
from the reststrahlen region. Polarons have two other effects on the Landau levels.
The energy levels are shifted down in energy by an amount given by ahwL0. Also,
the electron effective mass in increased by a factor of (1 + a/6) (van der Sluijs et al,
1994).

3.3 Previous work
By the late 1950's the idea that the controlled addition of an impurity to a semiconductor could alter its electrical properties wasfirmlyestablished. The donor atoms
were seen as a solid-state analogue of the hydrogen atom: an additional positive
charge with an additional conduction electron relative to the lattice. Because of its
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simple conduction band structure (see Figure 1.1), G a A s is an ideal material for
studying shallow donors in semiconductors.
With the availability of epitaxially grown samples in the late 1960's, the higher
quality material m a d e it possible to perform higher resolution studies, and the study
of impurity donors and acceptors in semiconductors advanced dramatically. Researchers were now able to resolve more subtle spectral structure, for instance Stillm a n et al (1969) were able to resolve Is ->• 2pm and Is ->• 2>pm transitions in
n-GaAs.
Early researchers in the area, e.g., Kaplan et al. (1969); Narita and Miyao
(1971); Stillman et al. (1969), were restricted to lowfields(< 5 T ) . Experimental
methods employed included photoconductivity and absorption measurements made
using a spectrometer and steady-field arrangement with the sample at liquid helium
temperatures. B y converting the relevantfieldsand energies to the dimensionless
units, 7 and Ry* respectively, comparisons were made with theoretical calculations,
and with other systems (e.g., InSb (Kaplan, 1969)). Other methods employed to
identify the spectral lines included the measurement of samples in both the Faraday
and the Voigt configurations (Narita and Miyao, 1971). In light-pipe systems, the
light is reflected such that there will be a mixing of the components of the electric
field parallel and perpendicular to the magneticfield,and transitions forbidden in
a strict Faraday geometry will be weakly observable.
The motivation for m a n y of these measurements was the possibility of making
high-quality infrared detectors from GaAs. Useful detectors have been fabricated for
measurements in the range 50-350 fim, and a detailed discussion of detector design
can be found in a review by Stillman et al. (1977).
The band-edge effective mass of G a A s is commonly quoted to be 0.06650
± 0.00005 me. This was the value determined by Stillman et al. (1977) after critically
reviewing measurements made prior to 1977. The different experimental techniques
covered in this survey include cyclotron resonance, Zeeman effect, magnetophonon
resonance, Faraday rotation, infrared reflectivity, and thermoelectric power measurements.
Transitions from the ground state to increasingly high-level excited states have
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been observed in n-GaAs as the sample quality improves. There have also been
observations of transitions between excited states (Armistead et al, 1986).
Observations have also been made of the transitions to metastable and bound
donor states discussed earlier. M u c h work has been done in identifying the observed
transitions, for instance Wagner and Prettl (1988), Armistead et al. (1989), van
Klarenbosch et al. (1990a,b), Michels et al. (1994) and Chen et al. (1997), have all
reported measurements of transitions to metastable states. Transitions to states as
high as (810) have been reported (Chen et al, 1997).
As has already been mentioned, central-cell corrections are needed to account
for shifts due to different chemical species. Fetterman et al. (1971) report highresolution laser spectroscopy measurements which reveal the splitting of Is —> 2p+i
peaks into four peaks, with separations of the order of 0.5 cm - 1 . They note that
the observed peaks change only in intensity, and not in energy, between different
samples. This suggests that the splittings are due to differences in the donor ground
state energies between different chemical species. This effect has been observed
by a number of researchers since then, but has predominantly been studied and
quantified at zero magneticfield.A number of groups, e.g., Cooke et al. (1978),
Armistead et al. (1984), have identified donors in n-GaAs and measured the zerofield central-cell correction, but relatively few magneticfieldstudies of this shift
have been made.
It is possible for shallow donor states to trap an extra electron in analogy to
the negatively charged hydrogen atom H ~ i.e., a proton with two bound electrons.
The commonly used notation for this phenomenon in semiconductors is D _ . This
occurrence wasfirstobserved in n-GaAs by Armistead et al (1983), and has been
further investigated in some detail by the same group (Armistead et al, 1985; Najda
et al, 1989a). Peaks in the photoconductivity spectrum are observed when electrons
are photo-excited directly into the conduction band.
Most of these experiments have involved samples where the donors have been
added as part of the growth process. Other methods of doping have been explored,
however. For instance, shallow donors can be introduced by bombarding the sample
with thermal neutrons. Some of the lattice atoms decay into shallow donors after
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capturing a neutron. This technique is known as neutron-transmutation doping,
and has been successfully used in Si and Ge, and, more recently, G a A s and InP
(Najda et al, 1989b). Ion implantation has also been used for doping semiconductor
materials (Apiwatwaja et al, 1997).
There are two main reasons for the increasingly detailed experiments that have
been reported. Firstly, experimental techniques have improved remarkably - steady
fields of up to £s30 T are now attainable, compared with the « 5 Tfieldsthat were
available in the early years. Pulsedfieldsare also now available, with measurements
infieldsup to 50 T being reported over a millisecond time-scale (Lewis et al,
1997) and 150 T (Najda et al, 1989c) over a microsecond time-scale. Secondly,
sample quality has improved dramatically, allowing the observation of the very subtle
effects now being reported. These include measurements of spin splitting and band
anisotropy (Sigg et al, 1987; Hopkins et al, 1987b).
As discussed in Sec. 3.2, the conduction band is not precisely parabolic. Evidence of this has been given by, e.g., Sigg et al. (1987) and Ruf and Cardona (1990).
There is some variation in the literature as to the value of the empirically determined
quantity which expresses the non-parabolicity, K2. Values within the range —1.5 to
-2.5 have been reported (Hopkins et al, 1987b; Lindemann et al, 1983; Sigg et al,
1987).
Techniques used to measure these effects continue to include Fourier-transform
spectrometers and far-infrared lasers, but have recently been successfully extended
to optically detected resonance techniques (Michels et al, 1994) and to the use of
free-electron lasers (Planken et al, 1995).

3.4 Experiment

The sample used for the measurements discussed in this chapter is an epitaxiall
grown bulk G a A s sample, B54. The doped layer is 15 fim thick. The sample exhibits
a peak mobility of > 4 x 105 c m 2 V - 1 s"1 in the temperature range 28-42 K. Details
of the growth conditions and characterisation of the sample are described by Stanley
et al (1991).
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The measurements reported below were predominantly made in the 3 H e cryostat/pulsed magnet arrangement described in Chapter 2.5.1. Some measurements
were made using the small 4 H e cryostat also described in Chapter 2.5.1, but these
were used only for calibration purposes.

3.5 Results and discussion

The far-infrared photoconductivity spectrum of n-GaAs is extremely rich in deta
and includes several distinct types of transition. Each are dealt with in turn in this
section.

3.5.1 Cyclotron resonance
Cyclotron resonance is a very good monitor of the magneticfieldstrength. Because
the effective mass of n-GaAs is so accurately known, cyclotron resonance data can
be used as a check of the calibration of the magneticfieldin the pulsed magnet.
Cyclotron resonance was observed in this sample for light of fourteen different wavelengths ranging from 96.5 fim (12.8 m e V ) to 513.0 fim (2.4 m e V ) . The cyclotron
resonance peak positions prior to thefieldcalibration are shown in Figure 3.4.
If a straight line is plotted through the data points, as in Figure 3.4, we see
that the slope of the data, relating to the effective mass, is nearly constant. A
constant slope corresponds to a parabolic conduction band. However, it is found
that the data arefittedmore accurately by a quadratic curve, reflecting the slight
non-parabolicity of the conduction band of this material. A quadraticfityields the
expression
B = (-6.3 ± 4.7) + (137.1 ± 1A)E + (0.244 ± 0.088)£2,

(10)

where E is in m e V , and B is in units of data points recorded by data acquisition
software as discussed in Chapter 2.6.1. This is converted to the usual units of Tesla
for magneticfieldby setting the linear part of Equation 10 to give an effective mass
of 0.06650 m e . (Stillman et al, 1977).
The conversion factor obtained in this way is 238.732 data points/T (where
data points refers to the data points recorded by the data acquisition software, with
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Figure 3.4: Cyclotron resonance data for bulk n-GaAs prior to the magneticfieldcalibration. Magnetic field is given in units of data points recorded by data acquisitio
software (see Chapter 2.6.1).

a transient recorder sensitivity setting for the pick-up coil of one). This calibration is
compared to the existing calibration for the copper-silver magnet in Figure 3.5. The
agreement is excellent. This pick-up coil conversion factor is used in the analysis
of all subsequent data obtained using this magnet. Later measurements involve
the use of a glidcop magnet. The conversion factor for this magnet is 214.400
data points/T, calculated in the same manner, and checked by measuring the same
sample. A comparison of data for the two magnets is given in Figure 2.10.
The band non-parabolicity can be explored further by observing how the cyclotron mass varies with energy. This relationship has been discussed previously by
authors such as Hopkins et al (1987b) and Michels et al. (1994), as discussed in

Sec. 3.3. If the cyclotron mass is plotted against energy, as in Figure 3.6, a linear
gives
— = 0.06541 ± 0.00015 + (0.00019 ± 0.00002) E. (11)
m„
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Figure 3.5: Comparison of cyclotron-resonance magnet calibration with existing
calibration. The solid line is a line of bestfitwith a slope of 1.010 ±0.001.

It can be concluded from these measurements that K2 — — 2.2± 0.2. This is within
the range of scatter of reported measurements. For instance, averaging the spin-up
and spin-down values found by Michels et al. (1994) and Hopkins et al. (1987b)
using the same method, gives —1.56 and —1.74 respectively. Estimating K2 from
Figure 5 of Lindemann et al (1983) gives a value of —1.5 and from Table 1 of Sigg
et al. (1987) gives -2.45.
The cyclotron-resonance data also gives an estimation of the resolution of the
pulsed magnet system.

By observing the separation of the cyclotron resonance

peaks of two close laser lines, 117.7 fim and 118.8 fim, as in Figure 3.7, it is seen
that the resolution is better than 0.05 T at 6 T. This resolution is excellent for a
pulsed magnet system, but it is not enough to reveal subtle effects such as the spin
splitting of the cyclotron resonance observed by authors such as Sigg et al. (1987)
and Hopkins et al. (1987b).
The measurements described here were taken at temperatures ranging from
0.3 - 3.5 K. N o variations in peak position with temperature were observed within
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experimental scatter, and the measured intensity was observed to decrease slightly
with decreasing temperature. Hopkins et al (1987a) report an approximately linear
effective mass with temperature in bulk GaAs, although they only extrapolate their
high temperature data into the 0.3 - 3.5 K region. The main advantage of the
low temperature capabilities of this apparatus is in the 2 D regime where cyclotron
resonance linewidths narrow with decreasing temperature (Liu et al, 1989, see also
discussion in Chapter 5).

3.5.2 D~ transitions
Another, broader, peak is observed for each spectrum at a slightly lowerfieldthan
the cyclotron resonance. Examples of this are shown in Figure 3.8, where the two
longest wavelength spectra are shown. This line is not due to any impurity bound
state, as it is observed at energies below thefirstexcited state, which has a minimum
energy of «3.88 m e V (see Figure 3.3). It also has a line shape that is quite different
to that of the observed impurity bound state transitions. Furthermore, when the
energy of the peaks is plotted againstfield,it does not extrapolate to zero at zero
magnetic field. This can be seen in Figure 3.9. Note also that the slope of the
energy/field relation is greater than that of the cyclotron resonance, suggesting that
they are not directly related.
These lines are identified as the D"-> N = 1 transition discussed by Najda et al.
(1989a). This identification is made on the basis of the similarity of the energy/field
relationship and of the line shape of the peaks.
Transitions from the D ~ state to higher Landau levels are also observed. A
partially resolved peak is observed in Figure 3.8. This is identified as the D"-> N
= 2 transition. If the spectrum at 405.6 fim is differentiated, as in Figure 3.10,
transitions up to N = 3 are observed. The D " -> N = 0 transition is not observed,
even after differentiating the spectrum of the appropriatefieldrange.

3.5.3 Transitions from the donor ground state
The spectra observed do not only contain information about the cyclotron resonance
and D " transitions. There is also a wealth of information about transitions between
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Figure 3.10: Differentiating the spectrum with A = 405.6 fim reveals transitions up
to D " -> N = 3. T = 1.4 K.

the donor ground state and excited metastable states. These data are summarised in
Figure 3.11 where transitions from the ground state to both bound and metastable
states are shown. Also plotted are the relevant curves from the hydrogenic calculations of M a k a d o and McGill (1986). G o o d agreement between the experimental
data and the theory is observed.
In Figure 3.11, there are a number of transitions that have not yet been discussed. These are all transitions from the donor ground state, and are transitions
to either an excited bound state or to a metastable state.
Transitions from the ground state to states as high as (710) are observed. Data
taken with a short laser wavelength show these higher states most clearly. A representative spectrum taken for A = 70.5 fim is shown in Figure 3.12.
Of the observed states, ( H O ) , (210), (310), (410), (510), (610) and (710) are
metastable, and (110), (0T0), (001), (111) and (112) are stable. These latter states
are also written 2p+1, 2p_i, 2p0, 3d+1 and 3p+1, respectively. In the past, the
metastable states (210) and (310) have been mistakenly labelled as the (220) or 3a!+2
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Figure 3.11: S u m m a r y of data for bulk n-GaAs. (a) gives an overview of the data
and (b) displays the lowfielddata on an expanded scale. Transitions from the
impurity bound ground state to excited bound states and metastable states are
shown, with hydrogenic theoretical curves shown in red for reference. Blue lines
indicate metastable states, and are to guide the eye. Fits to the cyclotron resonance
(solid green curve) and D ~ (dashed green curve) data are also included for reference.
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Figure 3.12: Data taken with laser wavelength 70.512 fim showing transitions u p to
ls-> (710). T = 1.4 K .

state and the (330) or 4/+3 state, respectively. This labelling is incorrect because
transitions from the ground, m — 0, state to states with m > 1 are forbidden. This
error was pointed out by van Klarenbosch et al (1990b).
Line narrowing has been observed in transitions from the ground (000) state to
the (lTO) and (210) metastable states in the region of Landau sub-bands by Averkiev
et al. (1998). This effect was not detected in the Is -» ( H O ) transitions observed
in the present measurements. However, given that the effect is only observed over a
narrowfieldregion this is not surprising.

3.5.4 Central-cell corrections
Hydrogenic theory is specific to the hydrogen atom, and as such does not allow
for different donors having different binding energies. For each particular donor, a
systematic shift from the hydrogen theoretical curves is observed. Different donors
are shifted by different amounts, hence the observed splitting in the transitions.
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These splittings are particularly evident in the Is —> 2pm transitions. The
slope of the energy/field relation of these transitions is shallower than that
transitions, therefore the splittings are more readily resolved. An example of

peaks is shown in Figure 3.13. These spectra were taken with incident wavelengt

of 184.3 fim and 196.1 fim, and all three Is —> 2pm transitions are evident. The
lower-field peak in a pair is generally ascribed to sulphur impurities, and the

field peak to silicon impurities. The exception to this rule is for the low fie
Is —> 2p_i transition where the slope of the energy/field relation is negative,
shown in Figure 3.11. These donor identifications are taken from Grimes et al.
(1991), who studied a sample from the same wafer.
These chemical shifts can be quantified by comparing the measured transition

energies and fields with the hydrogen values, using theoretical data from Makado
and McGill (1986). This can be done in two ways. Either the energy shift can
be measured directly from a plot of theoretical and experimental energies such

Figure 3.11, or the shift in field can be measured from this plot and converted

energy difference. Figure 3.14 shows the chemical shift calculated using the la
method. The difference between the experimental data and the theoretical field
the same energy is calculated for each data point. This is then converted to an

energy difference by considering the slope of the theoretical curve. The resulta

energy difference for each impurity is plotted in Figure 3.14 as a function of t

theoretical field values. Good agreement was found between calculations using bo

methods. Figure 3.14 shows that while each impurity has a different magnitude of
chemical shift, both behave in a similar manner with increasing magnetic field.

Only data for the Is -)• 2p_i transition are used in the central-cell calculati

several reasons. Firstly, the peaks are more widely separated because of the sha
slope of the energy-field relation, making more accurate measurements possible.

Also, this transition occurs at a lower energy, and therefore non-parabolicity a

polaron effects are less important. Finally, this transition remains in the inf
higher magnetic fields, and so data are available over a greater field range.

The central-cell correction at zero-field is determined by studying the data ov

the full range of magnetic fields in order to obtain the most accurate value po
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Figure 3.13: Representative spectra showing all three Is -> 2pm transitions, after
Heron et al (1999b). (a) A = 184.3 fim; T = 3.4 K. (b) A = 196.1 fim; T = 1.4 K.
Note the chemical splitting observed for all three Is -> 2pm transitions.
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Figure 3.14: Chemical shifts for the two donors observed, sulphur and silicon, after
Heron et al (1999b).

For the separate donors, the data are linear least-squaresfittedto the calculated

values of |$(0)|2 (interpolated to the experimental magnetic fields). The zero-fi

central-cell correction is the single fitting parameter. The resulting correct

this data are 0.110 meV for sulphur, and 0.059 meV for silicon (Heron et al, 19

The difference between the values obtained for the two species presumably refl

the difference in atomic volume, although no detailed calculations of the size
effect are known.
A comparison of the measured chemical shift to the theory of Fetterman et al.

(1971), using the calculated values of Cabib et al. (1971) is given in Figure 3

The experimental data are converted into the dimensionless units of 7 discusse

Sec. 3.2 for the purposes of this comparison. This is done by dividing the exp

tal magnetic fields by 6.57 T. The data are also divided by the zero-field cen
correction. This analysis can be seen in Figure 3.15 to give a good fit to the
Note also that the data extends beyond the range of the calculation.
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Figure 3.15: Comparison of theory and experiment for the central-cell measurements, after Heron et al (1999b). The solid curve is the theory of Fetterman et al.
(1971), using values of | $(0) |2 / | $(0) \2B=0 calculated by Cabib et al (1971).

The scatter in Figure 3.14 is only partly due to experimental scatter. The

theoretical calculations have only been undertaken at discrete field points whi
are increasingly sparse with increasing field. The high field values are very sparse

indeed, with the highest point at 7 = 10 and the next highest at 7 = 5. This mea

that the theoretical values obtained in the interpolation process described abo
not quite accurate, introducing a source of error.
As discussed in Sec. 3.3, relatively few reports of thefielddependence of the

chemical shift exist. Michels et al (1994) report measurements at magnetic fiel
up to 15 T, but make no attempt to quantify their observed chemical splitting.

Fetterman et al. (1971) model the chemical splitting of two unidentified donors

Equation 8, but give their data in a form that is not directly comparable to the

data presented here. At zero field, van Klarenbosch et al. (1990b) give a centr
correction for GaAs:Si of 0.08 meV, and 0.13 meV at 6 T. This may be compared
with the present values of 0.059 meV and 0.09 meV respectively.
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Conclusions

Measurements have been made on a bulk, epitaxially grown n-type GaAs sample.
Cyclotron resonance, D ~ transitions, and transitions from the hydrogenic ground
state to excited metastable and bound states have all been observed. Central-cell
effects for two donors, sulphur and silicon, have been experimentally observed over
a largefieldrange. From this data zero-field central-cell corrections of 0.110 m e V
and 0.059 m e V for sulphur and silicon, respectively, have been determined.
Data have been obtained at magnetic fields as high as 39 T (corresponding
to 7 = 6) that are in excellent agreement with hydrogenic theory as calculated
by Makado and McGill (1986) and central-cell corrections deduced from Fetterman
et al. (1971) and Cabib et al. (1971). T h e evaluation of the central-cell correction
has been extended from 6 T to 39 T.

Chapter 4
Investigations into doped
heterostructures

4.1 Introduction

There are several different methods for creating a two-dimensional electron sys
(2DES). The basic principle is that the motion of the electrons in the material is
restricted in one direction using electrostatic confinement techniques, as was briefly
outlined in Chapter 1.
In this chapter, measurements of three different types of two-dimensional systems are discussed. These are single heterojunctions, well- and barrier-doped quantum wells (Heron et al, 1998b), and centre-doped quantum wells.
In a single heterojunction (SHJ) the 2 D E S is formed at an interface between
two semiconductor layers - in the present case G a A s and Al x Ga 1 _ a! As, as shown in
Figure 4.1(a). Typically the AL,.Gai_xAs alloy is made with x = 0.3. Impurities
doped into the larger band gap material (AlGaAs) provide carriers which are trapped
at the interface by the potential barrier. This is illustrated in Figure 4.1(d). The
advent of modulation doping led to great improvements in carrier mobility in single
heterojunctions. In these structures, the donors are physically separated from the
2D layer by an undoped spacer, thus reducing the scattering by ionised donors.
If another layer of the larger band gap material is added to the structure, a
single quantum well is formed (Figure 4.1(b)). This is a structure with two interfaces,
66
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Figure 4.1: Structure of 2DES samples, (a) Modulation doped single heterojunction
(SHJ). (b) Single quantum well, (c) Multiple quantum well ( M Q W ) with R wells
Doping is not shown as this varies between samples. Schematic band diagram of
(d) a SHJ, and (e) a M Q W . Egn {Egw) is the energy gap of the narrow (wide) gap
material, GaAs (AlGaAs).
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resulting in a square potential well, rather than the triangular potential well formed
in a heterojunction. These structures were not studied in the experiments described
in this dissertation.
If many of these quantum-well structures are grown successively, a multiple
quantum well ( M Q W ) is formed (Figure 4.1(c)) with energy levels as shown in
Figure 4.1(e). The far-infrared absorption of a single quantum well m a y not be
sufficiently large to be easily measured, but if the wells are repeated the signal is
multiplied, and thus more easily detected.
Free carriers in a 2 D E S form Landau levels in a magneticfield,with energy
spacings that typically fall in the far infrared. Cyclotron resonance measurements
probe these spacings, as do magneto-phonon resonance measurements.
It is also possible for the carriers in a quantum well to remain bound to the donor
impurity, forming an energy level structure similar to that of the hydrogen atom (see
discussion in Chapter 3). These energies also fall in the far infrared. Quantum wells
can be doped in the barrier or in the centre of the well. Alternatively, dopants can
be added to both the barriers and the wells. Measurements of all three types of
M Q W s are discussed in this chapter.
This chapter describes three series of measurements made on doped, low-dimensional semiconductor systems. First, magneto-photon-phonon resonance measurements in a 2 D E S are discussed in Sec. 4.2 in the context of a search for this
theoretically predicted effect. Next, investigations of a well- and barrier-doped
multiple-quantum-well sample are reported in Sec. 4.3. Finally, measurements of a
series of centre-doped multiple quantum wells are described in Sec. 4.4. Each section
contains a discussion of the motivation, relevant theoretical background, previous
work, experimental arrangement, and major results obtained.

4.2 Magneto-photon-phonon resonance
As discussed in Chapter 1, when a magnetic field is applied to a semiconductor,
the conduction electron energies are quantised into Landau levels. At low temperatures, impurity scattering is the dominant scattering mechanism, resulting in the
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occurrence of Shubnikov-de Haas oscillations. As the temperature is increased, the
phonon population also increases, and eventually phonon scattering dominates. In
this regime, magnetophonon resonances ( M P R ) appear in the magnetoresistance.
These are transitions between the Landau levels caused by the resonant absorption
and emission of phonons (predominantly longitudinal optic (LO) modes), and are
observable as oscillations in the magnetoresistance with an inverse magnetic field
periodicity. The M P R is a very small effect: typically a few percent change on a
slowly increasing background.
X u and Zhang (1996) predicted that when low-dimensional semiconductor systems showing M P R are illuminated with far-infrared radiation, magneto-photonphonon resonances m a y result. This section discusses the experimental search for
this effect.

4.2.1 Theoretical background
Magnetophonon resonances occur when the optical phonon frequency, uLO, is an
integer multiple of the electron cyclotron frequency, uc, i.e.,

UJLO = Nuc. (12)

This means that the resistivity will be a maximum when

B = ^^-L (13)
e

N

where N = 1, 2, 3, ... indicates the Landau level, m* is the effective mass of the
electrons and e is the carrier charge.
W h e n T H z radiation is added to the 2 D E S system, X u and Zhang (1996) predict
that the M P R peaks shift to lower magneticfields.The condition for magnetophoton-phonon resonances ( M P P R ) is

M.C + W = WM,

(14)

where M is the index difference between two Landau levels and u is the applied photon frequency. According to X u and Zhang (1996), when this condition is satisfied,
resonant scattering will occur between two Landau levels and the D C resistivity will
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be enhanced. T h e resistivity is expected to oscillate with magneticfieldand photon
frequency as this condition comes in and out of fulfillment.
X u and Zhang (1996) state the photon-frequency-dependent magnetoresistivities as follows:
B 1-iujT
B
Pxx =
: ;
pxy =
,
(15)
v
nee ui*r
nee
'
where n e is the carrier density and r and OJ* are the frequency-dependent relaxation
time and cyclotron frequency, respectively. Since pxy has no frequency-dependent
component, M P P R will only be observable in the longitudinal resistivity, pxx. Splitting pxx into real and imaginary parts gives:
B

1

Rep__ =
n e e UCT
since u* __ u;c under T H z radiation.

;

Imp-- =

™*
:.,
neez

(16)

This tells us that only the real component of pxx is dependent on magnetic field,
and hence this is the only part that is of interest in these measurements.
The results of the calculations of X u and Zhang (1996) are shown in Figure 4.2.
In the upper figure w e see that the usual M P R peaks shift to lower magnetic field
with increasing photon energy. T h e LO-phonon angular frequency, uLO, is 55.6 T H z
for GaAs, therefore u>/u)LO = 0 . 5 corresponds to a far-infrared laser wavelength of
approximately 71 fim.
Physically, the shift of resistivity peaks shown in Figure 4.2 is due to the electrons in the system gaining energy from the radiationfieldand reaching the higher
Landau levels through optical absorption processes. This is equivalent to reducing
the "effective" required LO-phonon energy, and if the resonance condition is written
as

MUJC

- uLO - u, it is clear that the resonance must occur at a lower magnetic

field. According to X u and Zhang (1996), M P P R oscillations cannot be observed
for photon energies greater than the LO-phonon energy.

4.2.2 Previous work
The magneto-photon-phonon effect is a n e w prediction and therefore no literature
exists apart from the original theory paper discussed in Sec. 4.2.1. This subsection
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Figure 4.2: Numerical calculation of expected magneto-photon-phonon resonances
from X u and Zhang (1996). Upper: Longitudinal resistivity as a function of magnetic
field for different radiation frequencies. Lower: Longitudinal resistivity as a function
of photon frequency for different magnetic fields.
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will concentrate on previous studies of the magnetophonon effect that are relevant
to the present discussion.
The magnetophonon effect wasfirstobserved in bulk materials more than thirty
years ago, as a result of predictions arising from the then new quantum transport
theory. Since then it has been widely used in investigations of semiconductor structures. A n article reviewing this work has been published by Firsov et al. (1991).
Recently, this work has extended into the area of two dimensional physics, and it is
this area on which the present discussion will focus.
The oscillatory part of the magnetoresistivity has been described empirically
as a damped oscillation given by

Ap oc exp (~7^f) cos (^^f) , (17)
where 7 is the damping factor describing the decay of the oscillations at low magnetic
field. This expression wasfirstintroduced by Stradling and W o o d (1968) for bulk
structures, but also applies to 2DES's. In a 2 D E S the resonances are strongest in
the pxx configuration.
A n optimum temperature exists for observing the oscillations. The amplitude
of the M P R is greater with the increased phonon population present for high temperatures. However, as the temperature is increased the Landau levels broaden and
the resonance is smeared. The optimum temperature is usually between 150 K and
200 K. The higher order peaks are optimised at a lower temperature because they
occur at lower magneticfieldswhere the Landau level broadening has a greater
impact on the structure (Nicholas, 1991).
There is also a dependence of the M P R on carrier concentration for 2 D systems.
The amplitude of the oscillations has been observed to vary, with a m a x i m u m effect
in the region of 5 x 10 10 c m - 2 to 1 x 1011 c m - 2 for GaAs/AlGaAs systems (Brummell et al, 1988). In contrast to bulk systems, this carrier concentration dependence
implies that sample-dependent characteristics such as impurity scattering are not as
important in determining the strength of the oscillations.
The relationship between phonon and cyclotron frequencies (Equation 12) means
that M P R data can be used to determine uLO if the effective mass (and therefore
u>c) is known, and vice versa, although care must be taken when considering m*
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and u>io at different temperatures. W h e n using M P R measurements to determine
WLO

it is important to k n o w the effective mass of the sample accurately. Hopkins

et al. (1987a) have m a d e detailed measurements in several samples of the effective
mass over a large temperature range, and observed an interesting temperature dependence. T h e effective mass was observed to increase rapidly u p to 100 K before
falling off slightly. W h e n compared to bulk behaviour it is seen that this high temperature decrease is comparable, but the initial steep increase is peculiar to the
2 D systems. Their data are reproduced in Figure 4.3. They attribute this unusual
behaviour to low-temperature screening of the electron-optic phonon interaction.
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Figure 4.3: Temperature dependence of the effective mass, from Hopkins et al
(1987a). T h e measurements were of modulation doped G a A s / A l G a A s heterojunctions of varying electron density, and bulk G a A s , as labelled. m*01 denotes the
effective mass deduced from the transition between the two lowest Landau levels.
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Experiment

The measurements described in this section were carried out at two laboratories.
Preliminary investigations were undertaken at the University of Wollongong using
a broadband far-infrared source. Subsequent measurements were carried out at
S U N Y at Buffalo using a far-infrared laser. Both experimental arrangements involve
superconducting magnets, and are described in more detail in Chapter 2.
Both single heterojunctions (SHJ) and multiple quantum wells ( M Q W ) were
studied. The characteristics of the samples are given in Table 4.1.

Sample

Type

G148
C3641

SHJ

C4045

Density, ns Mobility, fiDC Additional information
(cm -2 )
(cm2 V- 1 s-1)
0.96 xlO6

MQW

2 x 1011
8 x 1010

SHJ

1 x 1011

1 xlO6

-

Hall bar configuration
20 x 240 A well, 480 A barrier,
Hall bar configuration
van der Pauw configuration

Table 4.1: Samples used in the magneto-photon-phonon resonance experiments,
extending the information given in Table 2.1. All samples are modulation doped.

The detection method used was photoconductivity, because magneto-photonphonon resonances are predicted to appear in the resistance of the sample.
T w o measurement modes are possible for this type of investigation. The photoconductive response of the sample can either be measured by sweeping the photon
frequency and keeping the magneticfieldfixed,or by sweeping the magnetic field
and fixing the frequency of the light. Both modes were used in this study, the former
being attempted only in Wollongong, and the latter being used in both laboratories.
For thefixed-frequency,swept-magnetic-field mode, two measurement configurations were used, D C and A C . With the light continuously falling on the sample,
and a D C current passing through the sample, voltage was measured using a voltage preamplifier. In this configuration magnetophonon resonances were observable.
The effect is a very small modulation on an increasing background. Figure 4.4
shows a raw magnetoresistance trace, and the same trace after a background has
been subtracted.
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Figure 4.4: Magnetophonon resonances (right scale) are highlighted by subtracting
a background from the raw magnetoresistance trace (left scale), and displaying as a
percentage of the zero-field resistance. T = 150 K.

If this measurement configuration is used for far-infrared measurements, two

magnetic field sweeps are required, one with the sample illuminated, and one wit
the sample in the dark. The resulting spectra are then inspected for a shift in the
peak position.
The A C method requires the use of a lock-in amplifier. The light is chopped
and the chopping frequency used to reference the lock-in. Only signals oscillating

with the chopping frequency are detected, reducing the level of noise in the sig
nearly two orders of magnitude. Once it is ascertained that the magnetophonon res-

onances are observable, this is the preferred technique. This method automatical
yields the difference signal between the illuminated and unilluminated conditions.
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Sample G148 wasfirststudied at the University of Wollongong. W h e n the magnetic
field was swept past the resonance positions magnetophonon resonances ( M P R ) were
observed.
The sample was illuminated using a broadband source,filteredto permit only
long wavelength radiation to reach the sample, and no shift of the M P R peaks was
observed. This indicates that no evidence of the magneto-photon-phonon effect was
observable in D C m o d e with this source.
Next, the magneticfieldwasfixedto the position of one of the M P R peaks, and
the Fourier transform spectrometer was used to collect a far-infrared spectrum. As
illustrated in Figure 4.2, the M P P R effect is expected to be strongest when uLo/uc is
an integer, i.e., when the M P R resonance condition is satisfied. However, the change
in resistivity was too small for a zero-path difference m a x i m u m to be detected in the
interferogram of the spectrometer. This implies that the magneto-photon-phonon
effect is too small to be measured using this technique.

4.2.4.2 Far-infrared laser
The next step was to look for magneto-photon-phonon resonances using a stronger
source of far-infrared radiation. The experiment was continued at S U N Y at Buffalo,
where a far-infrared laser was used as the far-infrared source.
All three samples described in Table 4.1 were studied using the far-infrared
laser. Magnetophonon resonances were observed in all three samples to N = 2,
although slightly different resonance positions were observed in the different samples,
differing also from the theoretically predicted peak position. The peak positions can
be shifted due to Landau level broadening, and it is reasonable that the different
samples with their different structures and electron densities m a y have differently
broadened Landau levels. Also the effective mass could be slightly different due to
the variations in confinement, which would cause the peaks to shift slightly. Sample
C4045 was observed to give the clearest magnetophonon resonances when the current
path was diagonally across the sample.
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A s discussed in Sec. 4.2.2 an optimum temperature exists for observation of
M P R . Measurements were m a d e at temperatures between 140 K and 190 K in order
to find this optimum temperature for the highest-order observable peak. This is
not critical however, as the resonances occur over a large temperature range. T h e
differences between these data were not large but 150 K was chosen as the optimal
temperature. This temperature was used for all samples, although sample dependent
characteristics (e.g., mobility) can change this optimum temperature.
Once it was certain that M P R could be detected, the measurement technique
was changed to A C in order to be measuring in the most sensitive m o d e possible
to detect M P P R . First, however, the samples were illuminated with far-infrared
radiation, whilst still measuring in the D C mode. N o significant resistance changes
were observed, as shown in Figure 4.5. T h e noise level of these measurements was
w 2 0 fi.
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Figure 4.5: D C measurements reveal no evidence of M P P R . Laser wavelength,
A = 118.8 fim, sample = G148, T = 150 K. Black curve: sample in the dark. Green
curve: sample illuminated by F I R radiation. Magnetophonon resonance peaks are
observed to N = 2. N o significant differences between the two traces are observed.
The origin of the structure at 5 T in the green curve is unclear, but is not due to
M P P R as the position of the higher order peaks is unchanged.
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N o evidence of M P P R was observed in any of the samples. A representative
trace is shown in Figure 4.6,

where data for T = 18 K are also shown in order to give

an indication of scale. The peak in the 18 K trace is cyclotron resonance. This low
temperature measurement was made as a check that the contacts and measurement
configuration were working properly. The noise level of these measurements was
w0.5fi,making this technique a sensitive probe of resistance changes.
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Figure 4.6: A C measurements reveal no evidence of M P P R . Laser wavelength,
A = 118.8 fim, sample = G148. Black curve: T = 18 K. The peak is cyclotron
resonance. Green curve: T = 150 K. M P P R should be observable in this trace, but
clearly is not.

To summarise, three samples have been studied, all of which show magnetophonon resonance at high temperatures (150 K ) in a D C measurement configuration. Data using the same measurement configuration shows no evidence of M P P R .
A more sensitive A C technique was also used. At low temperatures (18 K ) cyclotron
resonance is observed using this technique, but no M P P R is observed at high temperatures. It is concluded that M P P R is too weak to be detected even in these
sensitive experiments.
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Free-electron laser

Following the foundational work (described above) in attempting to detect M P P R in
three separate samples and using both scanned photon energy and scanned magnetic
field, using both spectrometers and lasers, respectively, others have attempted to
extend this work (Koenraad et al, 1998). Radiation from the F E L I X free electron
laser in the Netherlands was used in the hope that the greater power available would
enable M P P R to be observed.
The sample was again examined over a large temperature range (120-200 K )
in magneticfieldsof up to 15 T (allowing the observation of M P R to JV = 2). After
preliminary measurements at A = 61-85 fim failed to reveal M P P R (Waumans,
1997), measurements were taken at shorter wavelengths, to drive the effect to lower
magneticfieldsand improve the likelihood of thefinalstate being unoccupied (Lewis,
1998). In spite of the much greater far-infrared power of the free-electron laser and
the extensive search at different temperatures and wavelengths, no evidence for
M P P R was found. These recent results confirm the conclusion of the author from
the initial experiments, namely that the second-order M P P R effect is very much
weaker than thefirst-orderoptical effect of cyclotron resonance.

4.3 Well- and barrier-doped MQW

To understand the properties of semiconductor materials, individual characteristi
are often artificially amplified so as to gain a better understanding of their effect. For
instance, nominally undoped materials will invariably contain some impurities, so to
understand the effect of these impurities on the material, impurities are deliberately
doped into samples and their effect studied.
In the present case, the interest was to deliberately dope both the well and the
barrier of a M Q W sample. Well-doped samples are relatively well understood, but
barrier doping is less well studied, and is therefore of interest.

CHAPTER 4. INVESTIGATIONS INTO DOPED HETEROSTRUCTURES 80
4.3.1

Theoretical background

Qualitatively, for an impurity in the well centre, it is expected that the binding and
transition energies decrease with increasing well width. This is because the electron
is, on average, further away from the positive ion when the well is wider, and this
means that it is more weakly bound. If the impurity is moved from the well centre
to an edge (assuming constant well width), the binding energy also decreases, and
decreases still further if the impurity is inside the barrier (Greene and Bajaj, 1986;
Greene and Lane, 1986). The barrier prevents the electron from moving too close
to the positive impurity and thus the binding energy is reduced. This is shown
schematically in Figure 4.7.

BE

Figure 4.7: Binding energies (BE) of an
impurity in a quantum well of width L
as a function of position in the well, (z)
after Reeder et al. (1988b).
AlGaAs

AlGaAs

A number of calculations of energy levels of bound electrons in quantum wells
have been carried out (Greene and Bajaj, 1985a,b). The basis for these calculations
has been the effective-mass approximation, discussed earlier in Chapter 3. Binding
energies in quantum wells for differing donor positions (well centre or well edge),
well widths, barrier potentials, and magneticfieldshave all been studied (Mailhiot
et al, 1982; Greene and Bajaj, 1985b). Earlier studies concentrated on the ground
andfirstexcited state. Recently, studies of higher excited states have also been
made (Chen et al, 1995).
Greene and Lane (1986) calculate transition energies for well- and barrier-doped
samples. Their results are shown in Table 4.2 for a sample with a 100-A well and a
100-A barrier.
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Magnetic field Is —» 2p_i (barrier) Is -» 2p_x (well)

7

T

Ry*

meV

Ry*

meV

0.0
0.2
0.4
0.6
0.8
1.0

0.00
1.31
2.63
3.94
5.26
6.57

0.47
0.39
0.37
0.35
0.33
0.33

2.69
2.23
2.12
2.00
1.89
1.89

1.66
1.57
1.57
1.57
1.59
1.61

9.49
8.98
8.98
8.98
9.09
9.21

Table 4.2: Transition energies for impurities in the centre of the barrier and the
centre of the well, after Greene and Lane (1986). Both barrier and well are 100A wide. Is —> 2p+i transition energies are obtained by adding a factor of 27 to the
appropriate Is —> 2p_ 1 energy (in Ry*).

4.3.2 Previous work
Hydrogenic donors in semiconductor quantum wells have been extensively investigated in the past, including samples doped in the centre of the wells (Mercy et al,
1986); those doped at the edge of the wells (Jarosik et al, 1986); and those doped
in the barriers and wells (Mercy et al, 1988).
Mercy et al. (1986) observed transitions between impurity bound states as high
as Is —> 3p+i. They obtained excellent agreement with the theoretical calculations of
Greene and Bajaj (1985b). Jarosik et al. (1986) studied edge-doped M Q W samples
and observed transitions attributable to the Is -» 2p+1, the energies of which agreed
well with their theory. They also observed anticrossing behaviour when the sample
was tilted. Anticrossing behaviour occurs when energy levels from different subbands cross. W h e n the magneticfieldis parallel to the growth axis the crossing
states are mixed and anticrossing behaviour is observed.
Mercy et al. (1988) studied well- and barrier-doped M Q W samples in transmission, and observed three peaks. These peaks moved as the magneticfielddirection
changed, implying that they were confinement related. The weakest of the peaks
was attributed to donors in the centre of the wells. At higher energies (lower magneticfields)peaks not usually observed in well-doped samples were also evident.
These peaks were attributed to electrons in the well that are bound to donors in the
barrier, the stronger being from the ground state to thefirstexcited state, and the
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weaker from the ground state to the second excited state.
The measurements reported by Mercy et al. (1986) were made using the photoconductivity technique. These authors comment on the advantage of this technique
over absorption methods, particularly where the peaks are weak, as the signal is
obtained on a null background.
Of further experimental interest would be to follow the lower energy peaks (e.g.,
Is —> 2p_x) to high magneticfields,in a similar manner to the experiments described
in Chapter 3. Pulsed magneticfieldsare an advantage for such experiments, as the
accessible magneticfieldrange is greatly extended.

4.3.3 Experiment
The sample used for this experiment was a multiple-quantum well, <5-doped with
1010 c m - 2 of silicon donors in both the wells and the barriers. The wells consisted of
100 A of GaAs, and the barriers of 100 A of Alo.33Gao.67As. The measurements were
carried out at N P M L . The experiment used the smallfibreglass4 H e cryostat/pulsed
magnet apparatus described in Chapter 2.5.1.
W h e n a 2 D E S is placed in a magneticfieldonly the component of thefieldthat
is perpendicular to the layers will have any effect on the motion of the electrons, but
this is not the case for electrons in a bulk material. Therefore, if a sample is tilted
relative to the magneticfield,any transitions due to the 2 D E S will shift relative to
the untilted measurements, and any due to the bulk will stay in the same position
(neglecting the small effects of crystalline anisotropy). This serves as a check of the
2D nature of observed structure. In this section, some of the measurements were
with the growth axis parallel to the magneticfield,and some were made with the
sample tilted such that the growth axis was at an angle 9 to the magnetic field.
The measurements discussed in this section show a large magnetoresistance.
For instance, an increase in resistance from « 5 Mfi at zerofieldto (=s80 Mfi at 10 T
is not uncommon. In some cases it is found to be necessary to differentiate the data
twice in order to draw the m a x i m u m information from it. Both constant current
and constant voltage modes are used in these measurements. The constant current
mode yields the most information even though the large magnetoresistance of the
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sample means that hysteresis between the up and downfieldsweeps is observed.
W h e n the sample is extremely resistive the circuit is no longer in constant current
mode, and the current through the sample drops. However, because there is some
capacitance in the sample wiring and the source impedance is large, there is a sizable
time constant in the circuit, causing the observed hysteresis.

4.3.4 Results and discussion
Data were taken over a range of laser wavelengths. Data for A = 118.8 fim is shown
in Figure 4.8. T w o features are evident in this double differentiated spectrum, a
positive peak at 6.1 T, attributed to cyclotron resonance, and a negative peak at
4.1 T. In contrast to the data for bulk n-GaAs (also shown in Figure 4.8), the C R was
observed as a decrease in current for essentially constant voltage, i.e., as a decrease
in conductivity. The exact mechanism for this is still unknown.
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Figure 4.8: (a) Magnetospectrum of MQW sample NU517, after Heron et al.
(1998b). The current trace has been differentiated twice to remove the effects of
a large background magnetoresistance, changing the sign of the peaks. The peak at
highfieldis an artifact due to the crowbar resistor in the pulsed magnet circuitry.
(b) Bulk GaAs. For both spectra A = 118.8 fim, T = 4.2 K.
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A low-field peak is also observed, as discussed in Heron et al. (1998b). This
peak is not at a low enoughfieldto be the Is -» 2p+1 peak, nor does it correspond
to any of the bulk features (compare with Figure 4.8(b)). Features not dissimilar to
this low-field peak have previously been observed in well- and barrier-doped M Q W s
by Mercy et al (1988). These were attributed to transitions from the ground state to
thefirstexcited state of electrons in the well bound to impurity ions in the barriers.
This attribution is consistent with previous work reported on M Q W s doped only in
the well (Mercy et al, 1986). N o structure was observed in this earlier study that
could be associated directly with the present data. This data are at slightly lower
magneticfieldthan that of Mercy et al. (1988), but this observation is consistent
with the stronger confinement of the present system, due to the wells being narrower.
Data were taken with the sample tilted relative to the magneticfieldin order
to check the two-dimensional nature of the observed structure in photoconductivity.
These data points are plotted in Figure 4.9 with the untilted data points. The solid
blue line is a fit to the untilted data, and the dotted blue line is thisfitdivided
by cos6, i.e., it indicates the expected position of the data in the tiltedfield.It is
clear that the data in tiltedfieldfalls exactly where expected, indicating that the
cyclotron resonance is indeed due to the 2DES.
The low-field feature is much reduced in intensity in the tiltedfielddata for
reasons that are not clear. For this reason, the identification of this feature is
tentative.

4.4 Centre-doped MQWs
In Chapter 3 measurements of a bulk sample are discussed, and in Sec. 4.3 confinement of electrons in a multiple quantum well is studied. At these extremes of
confinement the behaviour of hydrogenic impurities is now fairly well understood,
but the transition region between bulk and confined energies for these impurities
is not so clear. With the aim of forming an understanding of this region a series of centre-doped multiple quantum wells with well widths between 1200 A and
300 A were grown. Measurements were made on these materials at S U N Y at Buffalo.

CHAPTER 4. INVESTIGATIONS INTO DOPED HETEROSTRUCTURES 8

4

I
3

i • • • . i • • • • i • .1
4

5

6

7

8

Magneticfield(T)

Figure 4.9: Comparison of data in tilted and non-tilted magneticfieldsfor M Q W
sample N U 5 1 7 . Data in blue is the cyclotron resonance position for the magnetic
field parallel to the growth axis, with the solid line a fit to the data and the dotted
line the expected position of the cyclotron resonance when the growth axis is tilted
20° relative to the magnetic field. T h e green data is that taken in tilted field.
T = 4.2 K.

4.4.1 Theoretical background
A hydrogenic impurity in a bulk system or in the centre of a quantum well has states
that can be described by the same low-field notation. Correspondence between lowand high-field notation for both 3 D and quasi-2D systems have been discussed by
Cheng and M c C o m b e (1990).
In a bulk sample the lowest lying excited states, 2p±m states are degenerate in
zero magneticfield.In a quantum well this degeneracy is removed by the confinement potential and in sufficiently narrow wells, the 2p0 state becomes the lowest
impurity state associated with the first excited confinement sub-band (Greene and
Bajaj, 1985a). In the limit of zero well width the states associated with the confined
donor reduce to those of a donor in bulk AlGaAs. In this limit, the 2p±m states are
again degenerate.
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The Is ->• 2p0 transition is strictly forbidden in the Faraday configuration. The
Voigt configuration is required to enable observation of this transition. The premise
for this experiment was to tilt the sample and watch the Is -» 2p0 transition evolve
from the bulk to confined state.

4.4.2 Previous work
Measurements of well-doped M Q W wells in the Voigt configuration have been reported (Brozak et al, 1989). A n absorption peak was observed, and attributed to
the transitions between the donor p states of the ground andfirst-excitedsub-bands.
Reasonable agreement was obtained between the experimental data and theoretical
calculations, although at higher magneticfieldsthe agreement was poorer than at
lowfields.The authors suggested that further investigation to higherfieldsand
different well widths would be of interest.
Confinement effects have been studied in the Faraday configuration for a range
of well widths: Jarosik et al. (1985) studied four M Q W s with well widths ranging
from 80 A to 450 A. The Is —» 2p±i transitions were observed in all samples, and
the transition energy increased with the confinement. For example, for a well of
width 80 A at zerofieldthe Is —» 2pm transition has an energy of «36 c m - 1 , which
shifts to «88 c m - 1 .
In the case of acceptor-doped samples, confinement effects for varying well
width samples have also been studied (Reeder et al, 1988a), again in the Faraday
configuration. Similar to the behaviour in confined donors, the transition energies
were observed to increase with decreasing well width.
Transitions from the ground state to excited states higher than Is -> 2pm have
also been studied (Grimes et al, 1991). These authors observed transitions to states
as high as Is -> (410) in a M Q W with 150-A wells and barriers. Calculations of
these higher energies have been carried out by D u n n et al. (1990).

4.4.3 Experiment
Three samples were grown for this project by W . Schaff at Cornell University. Their
structure is shown in Figure 4.1(c). Each sample nominally has ten G a A s wells with
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100-A Alo.3Gao.7As barriers, and silicon ^-doping of 2 x 10 10 c m - 2 in the centre of
each well. The well widths are 300 A , 600 A and 1200 A. The G a A s capping layer
(topmost layer in Figure 4.1(c)) is doped to eliminate band bending due to surface
states, and the AlGaAs cladding layers on either side of the M Q W s are 1500 A wide.
The experiments were carried out at S U N Y at Buffalo using a B o m e m spectrometer. A superconducting magnet produced the magneticfield.The experimental arrangements are described in detail in Chapter 2.
The samples were wedged by an angle of 3°-5° to avoid interference effects
when using the spectrometer. Each sample was mounted with the top surface flat
against the sample holder in order for the layers to be exactly perpendicular to the
magnetic field.

4.4.4 Results and discussion
Preliminary measurements were made using the Fourier transform spectrometer.
These measurements were aimed at checking the basic properties of the sample in
the region of interest. The energy range of the detectors available restricted these
measurements to the Is —> 2p+i transitions. The energy shift withfieldof this
peak was observed, and compared with published work on samples of the same
type (Petrou and M c C o m b e , 1991). It is expected that the energy levels will move
up in energy with increasing confinement. A summary of peak positions for all
three samples is shown in Figure 4.10. It is evident from this plot that there is a
discrepancy regarding the 300-A sample, as this data should be shifted up in energy
relative to the bulk measurements.
To investigate the origin of this discrepancy, the 300-A well sample was tilted
so that the growth axis was at an angle of 20° to the magneticfieldand the measurements repeated. This new data set is shown in Figure 4.11. W h e n plotted on
the same graph as the untilted data (Figure 4.12) it is clear that the structure does
not shift with tilt. A s discussed in the previous section, if the observed structure
was related to the 2 D E S the peak would be expected to shift; the expected position
of the shifted structure is indicated on Figure 4.12. These curves are taken from
calculations by Greene and Bajaj (1985b).
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magnetic field. T h e sample growth axis is tilted 20° relative to the magnetic field.
The spectra are normalised to a zero-field background spectrum. T — 4.2 K.
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The behaviour of the 300-A well sample indicates that either the layers as grown
are not what they were expected to be, or that the feature observed is not related
to the quantum well. Not enough information is available to be able to determine
what problem occurred or the exact structure of the sample as prepared.

4.5

Conclusions

Measurements were made on doped 2DES samples with the aims of (i) searching for
the predicted magneto-photon-phonon resonance effect; (ii) determining the effect of
confinement in well- and barrier-doped structures; (iii) observing the transition from
bulk to 2 D behaviour in quantum wells. T h e predicted magneto-photon-phonon resonances were not observed after a thorough search. High temperature (T = 150 K )
measurements showed a strong background magnetoresistance with magnetophonon
resonance structure superposed. N o difference between measurements in the dark
and under far-infrared radiation was detected. A n A C lock-in technique was also
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employed as it is more sensitive than D C techniques. L o w temperature (T = 18 K )
measurements showed cyclotron resonance, confirming the experimental method,
but no evidence for M P P R was detected.
Cyclotron resonance was measured in a well- and barrier-doped M Q W using a
photoconductivity technique in pulsed magneticfields.Structure related to the confined carriers was also observed. This technique allows the possible future extension
of measurements to high magnetic fields.
Measurements of a series of centre doped M Q W s (300-A, 600-A

and 1200-

A wells) proved to be inconclusive because of problems with the 300-A sample.

Chapter 5
Investigations into nominally
undoped F E T structures

5.1

Introduction

Two-dimensional electron gases can be created in different ways. The common
method for GaAs-based semiconductors is to dope the carriers into the sample during
the growth process, as in modulation-doped structures. In silicon, M O S F E T (metaloxide-semiconductorfield-effecttransistor) devices are fabricated where carriers are
induced to an interface between Si and Si0 2 by biasing a metal gate. Another
method is to introduce carriers to a GaAs/AlGaAs heterojunction by forming a
field effect transistor (FET) and biasing a top gate (Kane et al, 1993).
In this chapter, far-infrared measurements of high mobility GaAs/AlGaAs enhancement m o d e F E T s are reported. Extremely narrow cyclotron resonance linewidths are observed. Filling-factor-dependent oscillations in cyclotron resonance
linewidth are observed (Heron et al, 1998a), even in these materials with reduced
impurity levels.
Devices such as these, which induce charge carriers via a top gate, are of interest
for two main reasons. Firstly, the density of the sample is readily adjustable in situ
within a wide range (0.2-5 x 10 11 c m " 2 ) , so that density studies are possible without
the necessity of growing many samples. Although it is possible to gate modulation
doped samples, the mobility is usually degraded somewhat. Secondly, the disorder
91
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in the F E T structure is reduced since dopants are not deliberately added to the
heterostructure, therefore inherently higher mobility samples are expected.
Cyclotron resonance studies by a number of researchers have revealed oscillations in cyclotron resonance linewidth withfillingfactor in two-dimensional electron
systems. The top-gated samples used here give the opportunity to study these oscillations in a single, very high mobility, sample, with a minimum of changes to the
conditions of the experiment. Thefillingfactor is changed by changing the density
only, whilst laser energies and magneticfieldsremain unaltered. This type of measurement can also be made with back-gated samples, but only over a more limited
range of densities. Furthermore, a top gate requires a substantially lower gate voltage for operation. Photoconductivity measurements of top-gated structures are also
of interest as they pave the way for future optical studies of nanostructures such as
those discussed in Chapter 6.
In this chapter measurements of undoped, gated heterostructures are discussed.
Sec. 5.2 outlines the theory of the quantum Hall effect in two-dimensional electron
gases. Sec. 5.3 reviews current models of scattering mechanisms in heterostructures,
and how these apply to cyclotron resonance linewidths. Previous measurements
of cyclotron resonance linewidths and their dependence onfillingfactor are then
discussed. Sec. 5.4 describes the samples used in the present experiment, and the
preliminary zero-field checks required with these samples, and Sec. 5.5 discusses
the measurements made. This section begins with a description of the transport
measurements performed. Both quantum Hall effect and ballistic transport measurements are discussed. The main part of the chapter involves the far-infrared
photoconductivity measurements described in Sec. 5.5.2. Finally, measurements on
a p-type sample are mentioned briefly in Sec. 5.5.3.

5.2 The quantum Hall effect
The integer quantum Hall effect was discovered by von Klitzing et al. (1980).
Plateaux in the Hall resistivity are observed in two-dimensional layers at low temperatures. At the same position infield,the longitudinal resistivity drops to zero.
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Figure 5.1 illustrates this using data taken during this project. T h e original observation was in a Si M O S F E T , and was m a d e by changing the electron density at
constantfield.T h e energy levels are quantised by the magneticfield,and the Fermi
energy is tuned by changing the electron density.
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Figure 5.1: Q u a n t u m Hall effect measurements. Plateaux in the Hall resistance,
pxy, occur coincident with minima in the longitudinal resistance, pxx. For this
measurement n3 = 2.2 x 10 11 cm' 2 , T = 4.2 K.

The standard sample configuration for measuring the quantum Hall effect is
the Hall bar, shown schematically in Figure 5.2(a). T h e measurements described in
this chapter, however, were m a d e in the van der P a u w configuration, also shown in
Figure 5.2.
As has already been discussed in Chapter 1, the electrons in a two-dimensional
electron gas ( 2 D E G ) are free to move in the x and y directions, but motion in
the z, or growth direction is quantised. W h e n a magneticfieldis applied in the z
direction, Landau levels are formed with energies given by Equation 5 in Chapter 1.
The density of states is shown in Figure 1.2, also in Chapter 1. In an ideal system,
the density of states is a series of delta functions. In a non-ideal system, these spikes
are broadened into bands of delocalised, or extended states. Electrons associated
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L

Figure 5.2: Schematic diagrams of sample design, (a) Hall bar. (b) van der Pauw
configuration, longitudinal resistance measurement, (c) van der P a u w configuration,
Hall resistance measurement. Vxx and Vxy are the longitudinal and Hall voltages, respectively, and / is the current through the samples. L and W denote the dimensions
of the samples.

with impurities in the system will form localised states on the edges of these bands.
The localised states will not carry any current, so there will be a mobility gap
between the bands.
If all states at the Fermi energy are localised, the longitudinal resistivity will
drop to zero. W h e n some or all of the states at the Fermi energy are non-localised,
a non-zero resistivity is again measured. At the low temperatures at which the
quantum Hall effect is measured, when the Fermi level is in the mobility gap, most
of the energy levels below the Fermi level are filled and all of those above it are empty.
It would seem that since there are no empty states for the electrons to move to, the
current should be zero, and the resistance infinite. However, all of the electrons
in extended states can move together to carry a current, and a zero resistance is
measured because the electrons cannot be scattered into any other states - these
states are alreadyfilled.This is known as a dissipationless current flow.
In a changing magneticfield,the Fermi energy is also changing. As the magnetic
field increases, the Fermi energy oscillates as the number offilledLandau levels
decreases.
The Hall current is made up of contributions from each occupied extended
state, but if the Fermi energy is in the mobility gap, the number offilledextended
states, and therefore the Hall current, will not change. This causes a plateau to be
observed in the Hall resistivity.
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In a typical measurement, the transverse and longitudinal voltages, and the

current through the sample, are recorded as a function of magnetic field. The Ha

resistivity is not dependent on the dimensions of the sample. If we consider a H

like that in Figure 5.2(a), the Hall resistance, Rxy, is given by Rxy = Vxy/I, wher

Vxy and I are defined Figure 5.2. If we consider the measured voltage and current

in terms of the electric field perpendicular to the current, Exy, and the 2D curr
density j we can write this as Rxy — ExyW/jW = pxy. Turning to the longitudinal
direction, the longitudinal resistance Rxx is given by Rxx — Vxx/I = pxxL/W. This

is true given the assumption that the electric field and current density is unif
This assumption holds in a Hall bar where W <C L (Prange and Girvin, 1990).

In any other configuration, the situation is more complicated, although the Hall

resistance is still independent of the sample dimensions. For an arbitrarily sha

sample with four terminals, we can define #12,34 as the four-terminal resistance

where terminals 1 and 2 are the current probes, and 3 and 4 are the voltages pro
Similarly, #23,14 is the four terminal resistance where a different combination
contacts have been used. In both cases a line drawn between the current probes

does not cross one drawn between the voltage probes. This is illustrated for the
der Pauw case in Figure 5.2. We can write (van der Pauw, 1958)

1 = exp{~ #12,34} + exp{~ #23,14}- (18)
PxX

Pxx

In the case of the van der Pauw measurements #12,34 = #23,14, and therefore

*" = I^12'34' (19)
The significance of the quantum Hall effect is not only that the resistivity

plateaux exist, but that their value is given entirely in terms of fundamental c
stants. This has been found to be true to better than one part in 107, although

discussion continues as to why this is so. The quantised Hall resistivity is giv

Pxy =

eV

where i is an integer equal to the number of filled Landau levels. When this num

is changed by a perpendicular magnetic field, i is the same as the filling facto
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v, and is related to the electron density and to the magneticfieldby Equation 6
(Chapter 1).
This effect has become a standard measurement, and is used in the experiments
discussed here to determine electron density.

5.3 Previous CR measurements of 2DEGs

At different temperatures, different scattering mechanisms dominate the mobilit
of a 2 D E G . Principal scattering mechanisms include phonon scattering (acoustic
and optical), scattering from ionised impurities, and scattering due to interface
roughness. At high temperatures (T > 100 K ) the dominant mechanism is optical
phonon scattering. As the temperature is lowered, the number of optical phonons
decreases rapidly. The number of acoustic phonons decreases less rapidly, and so the
dominant mechanism becomes acoustic phonon scattering for 1 < T < 80 K. The
contribution due to ionised impurities is not strongly dependent on temperature, so
the ultimate factor limiting the mobility is scattering from ionised impurities.
Leadley et al. (1993) investigated the effect of different scattering mechanisms
on the DC-mobility of modulation-doped heterostructures. They were able to model
the different scattering mechanisms, and by measuring the mobility of their heterojunctions over a range of temperatures, found a good correlation between their
models and experiments. This group also noted that the mobility of the samples
could be improved by growing a superlattice buffer between the substrate and the
2 D E G interface, as this trapped impurities from the substrate and prevented them
from reaching the critical interface. They also grew a wider, less-heavily doped AlGaAs donor layer. This also had the effect of decreasing the impurity scattering by
smearing out the ionised donors. They found that the structure contained a region
of ionised donors close to the 2 D E G layer, a region of un-ionised donors, and, at
the top of the layer, another region of ionised donors. If the two regions of ionised
donors were separated further, the impurity scattering was found to decrease.
The Landau levels are broadened by such scattering, and the linewidth of the
cyclotron resonance reflects this broadening. For this reason the mobility of the
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sample can be calculated from the cyclotron resonance linewidth ("optical mobility"), although the mobility calculated in this way often differs from the mobility
ascertained via Shubnikov-de Haas measurements ("DC mobility"). Hopkins et al.
(1989) suggest that this is because cyclotron resonance and transport measurements
probe different mechanisms. Cyclotron resonance is a local transition, therefore the
linewidth will reflect the homogeneous broadening of the Landau levels. Homogeneous broadening is that caused by potentialfluctuationsof the same order or less
than that of the cyclotron radius. Inhomogeneous broadening is caused by longer
rangefluctuations,and has a similar effect on all Landau levels. For this reason this
type of broadening has little effect on the cyclotron resonance linewidth. However,
this is the type of level broadening that is reflected in Shubnikov-de Haas measurements. Thus the two methods of measuring the sample mobility will, in general,
give different results.
Liu et al. (1989) observed a line narrowing and peak shift with decreasing temperature in modulation-doped structures. They suggested that this line narrowing
could be attributed to inhomogeneous broadening of the Landau levels. They suggest that because the effect of long-rangefluctuationson the Landau levels is much
the same, and because the cyclotron resonance linewidth is given by the difference
in the width of the neighbouring Landau levels, in this case, the linewidths would
be expected to be narrow. Theoretical calculations along these lines, however, do
not explain the observed linewidth oscillations with filling factor. Also, this group
measured an optical mobility that is several times larger than the D C mobility. This
implies a different mechanism for the optical and D C probed scatterings, consistent
with the discussion of Hopkins et al. (1989).
A study of cyclotron resonance linewidths in modulation-doped structures over
a large temperature range by Hopkins et al. (1989) revealed a qualitatively similar dependence on scattering mechanisms to that found by Leadley et al. (1993).
Hopkins et al. (1989) found that the optical mobility increases with decreasing temperature, and that the dominant scattering mechanism at low temperature was
impurity scattering. They also suggested that alloy disorder in the AlGaAs layer
may also be important at high magneticfieldsand low temperatures. This study
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was compared to theoretical calculations by W u and Peeters (1990), and qualitative
agreement was found.
A number of researchers have observedfilling-factordependent oscillations in
the cyclotron resonance linewidth (Englert et al, 1983; Ensslin et al, 1987; Seidenbusch et al, 1987). Linewidth maxima are observed at even-integralfillingfactors.
This is commonly attributed to the screening of ionised impurities. The screening
is at a m i n i m u m when the Landau levels are full (v — even), and is at a maxim u m when the levels are half-filled (v = odd). However, this explanation does not
account for all experimental observations. Linewidth oscillations have also been
observed in other semiconductor systems, e.g., Kono et al. (1997) observed oscillations in InAs/Ala.Gai-j.Sb quantum wells. These researchers varied the composition
of their samples from semiconducting (x > 0.3) to semimetallic (x < 0.3). One
surprising aspect of their measurements is thatfilling-factordependent oscillations
were observed only in the two semimetallic samples. These measurements revealed
not only an oscillating linewidth and intensity (measured in transmission), but also
an oscillating effective mass. The m a x i m u m intensities occurred at odd integer filling factors. These observations contradict the idea that the oscillations are linked
essentially to impurities, as all six samples were grown under the same conditions,
and therefore should have had similar levels of impurities. Also, two of the semiconducting samples had the lowest mobility in the series, and these did not show any
oscillations.
Manasreh et al. (1991) also observed oscillations in effective mass and intensity
(measured in transmission), as well as in cyclotron resonance linewidth. All three
showed m a x i m a at even integralfillingfactors. The material was a GaAs-based
heterostructure.
Measurements in deliberately doped samples have been carried out in order to
test the hypothesis that the oscillations are impurity related. Richter et al. (1989)
studied donor and acceptor doped GaAs/AlGaAs heterostructures, and found that
the oscillations were not simply dependent on ionised impurities. Theory predicts
that the peaks of the oscillations are exactly at even integralfillingfactors, and that
the effective mass should not change. Whilst they did observe oscillations, the peaks
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were at slightly higherfieldsthan predicted. They also found that the character of
the data was different for acceptors and donors.

5.4 Experiment

Two samples were used in this series of experiments. The heterostructures for bo
samples were grown at A T & T Bell Labs, N e w Jersey, and had identical structures
except for the AlGaAs barrier and n + - G a A s gate thicknesses. This structure is
illustrated in Figure 5.3, and details of layer thicknesses are given in Table 5.1. The
layer structure is underlaid by a GaAs/AlGaAs superlattice buffer layer, grown on
a (100) G a A s substrate.
In both samples n-type contacts are made to the 2 D E G via NiGeAu ohmic
contacts in a van der Pauw configuration. The fabrication process is described in
detail by Kane et al. (1995) and in Chapter 2.4. A micrograph of the F E T structure
is presented in Figure 5.4.

re+-GaAs gate
G a A s spacer
Alp.3Gao.7As barrier

NiGeAy

I

GaAs

ohmic cont act
Electrons

Sample A
1-25-94.2N5
500 A
Gate
250 A
Spacer
2750 A
Barrier

Layer

Sample B
CNG28aB
350 A
250 A
750 A

Figure 5.3: (and Table 5.1) Layer structure of the FETs. The table gives the
thickness of the layers which make up the F E T , shown schematically in the figure.

The different AlGaAs barrier thicknesses in the two samples result in a difference in the applied gate voltage necessary to induce the same 2D electron density.
In sample A, 1.7 V induces an electron density ns of 3.6 x 10 11 cm" 2 , whereas
only 0.5 V gives the same density in sample B. The major effect of this in terms
of experimental ease is that the extremely low densities {ns = 2.7 x 10 10 c m - )
easily achievable in sample A are difficult to attain in sample B. This is because
in sample B the required gate voltage is comparable to the usual excitation voltage
across the 2 D E G , i.e., around 70 m V . The excitation voltage produces an uneven
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Figure 5.4: Patterning of an F E T structure. T h e etched mesa is a 100-/im wide
square. Contact is m a d e to the 2 D E G layer via the four ohmic contacts in the
corners of the mesa. T h e top-gate contact can be seen coming in from the top of
the micrograph.

potential across the sample, and can affect the electron density.
B y changing the ohmic contact composition, p-type samples can be m a d e using
the same techniques. T h e p-type samples are m a d e using A u B e contacts (Kane
et al., 1993), rather than the N i A u G e contacts successfully used in n-type samples.
The experiments discussed in this chapter were carried out in the superconducting magnet and variable temperature cryostat described in Chapter 2.5.2. Measurements were m a d e as a function of magneticfield,keeping the laser energy and gate
voltage constant. T h e sample was mounted with the magneticfieldparallel to the
growth direction.

Zero-field characterisation
A number of preliminary checks are necessary in order to characterise the device.
Thefirstof these checks is to measure the leakage current between the gate and
the ohmic contacts. This is important because a current larger than 100 p A flowing
between the gate and the 2 D E G will impair device functionality by creating a source
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of noise in the data. Generally measurements were made with a gate voltage such
that the leakage current was less than 10 pA.
The leakage current is measured by connecting all four ohmic contacts in parallel
to a current preamplifier. The output of the preamplifier is measured as the applied
gate voltage is increased. This output is the measured leakage current. This test
is particularly important when studying samples of the same layer composition as
sample B. These samples are more fragile than those of the other type, and leakage
can be a problem.
The next check is to measure the two-terminal resistance of the sample. This
gives an indication of the contact resistances. The resistance is measured for all
contact combinations, typically using a small load resistance and low excitation
voltage. Contact resistances should be between 1 and 10 kCi. Resistances higher
than this are undesirable, although measurements can still be made. In sample A,
the contacts are all equivalent, but in sample B they are not; it is helpful to be
aware of the differences when deciding which contacts are to be used for current and
voltage probes.
The threshold voltage of the sample is also checked. The threshold voltage is
the voltage required on the top gate in order for the 2 D E G to be conducting. In
samples where the 2 D E G is close to the top gate (such as sample B) this threshold
can be negative, and there will be conduction even if the top gate is grounded.

5.5 Results and discussion
5.5.1 Magneto-transport measurements
5.5.1.1

Q u a n t u m Hall effect

The sample wasfirstcharacterised by standard quantum Hall effect transport measurements. A pair of pxx and pxy traces is shown in Figure 5.1 in Sec. 5.2. This
particular data set was from sample A. The top-gate voltage was 1.121 V, corresponding to an electron density of 2.2 x 10 11 c m - 2 . The current through the sample
was 100 nA, and the temperature was 4.2 K.
The pxx minima can be used to relate carrier density to gate voltage. Carrier
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density is given by Equation 6. A s the gate voltage increases, the carrier density
also increases, and hence the positions of Hall plateaux shift to lowerfields.A s can
be seen in Figure 5.5, the relationship is linear with afinitethreshold voltage. This
relationship is monitored regularly, particularly with the less robust sample B, in
order to check that the sample is still functioning correctly (the devices are very
sensitive to static), and to check that any thermal fluctuations have not altered the
gate voltage-density relation.

u
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r-t

X

a
V

-a
a
o

H
0.0

0.5

1.0

1.5

Top-gate voltage, \tg (V)

Figure 5.5: Relationship between gate voltage and sample density for both F E T
samples. T h e lines are a linearfitto the experimental data points from quantum
Hall effect measurements. Note thefinitethreshold voltage.

Sample B exhibits some peculiarities in transport which are not fully understood. A series of pxy traces for different top-gate voltages is shown in Figure 5.6
for sample B. T h e v = 4 plateaux are visible, however, unusual structure appears
in the region of v = 2. Gaining an understanding of this unusual structure was
not critical to the measurements of interest (i.e., far-infrared photoconductivity) so
further investigation was not pursued. Care was taken in subsequent measurements
to avoid the magneticfieldrange in which these problems occur.
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Vtg = 200 m V
Vtg = 220 m V
= 230 m V
276 m V
300 m V

500 m V

Magneticfield(T)

Figure 5.6: Quantum Hall effect measurements (pxy) for sample B for a range of
top-gate voltages, Vtg, corresponding to electron densities of 1.5 - 4 x 10 c m - .
T = 4.2 K .

5.5.1.2

Ballistic transport

One indication of the quality of the sample is the mean free path of electrons in
it. W h e n the m e a n free path is comparable to the dimensions of the device, the
electrons can m o v e without scattering, or "ballistically" across the device, and oscillations are observed in the four-terminal resistance of the sample as magnetic field
is varied. Ballistic transport measurements have been carried out on samples m a d e
from the same wafer as sample B, and are discussed in detail by Facer et al. (1999).
The lifetime indicated by the ballistic m e a n free path (distance over which ballistic
focusing peaks can be seen) is different from that indicated by Shubnikov-de Haas
measurements. The latter is smaller than the former.
Ballistic transport measurements have also been carried out on the lowermobility sample A . Low-field structure is observed that is similar to that observed
for the higher-mobility sample B, as shown in Figure 5.7, although the detailed
structure is not resolved.
A detailed study of this ballistic transport behaviour has been carried out. T h e
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Figure 5.7: Ballistic transport data for samples A and B. Sample A has a lower
mobility than sample B and thus the oscillations observed in sample B are not
properly resolved in sample A. Sample B data are after Facer et al. (1999). For both
spectra ns = 3.6 x 10 11 c m - 2 , T = 1.6 K.

dependence on temperature, electron density, current and far-infrared irradiati

all investigated, and are collected in Figure 5.8. The measurement configuratio

optimal signal-to-noise and peak-to-valley ratios is found to be at low tempera
and high electron density and excitation current.
As the temperature of the sample is decreased, the peak-to-valley ratio of the

structure increases. This is consistent with measurements in sample B (Facer et

1999), where focusing peaks are clearly resolved at very low temperatures. The p

to-valley ratio also increases with increasing electron density. A current of 1
seen to give the best signal-to-noise ratio. The data in Figure 5.8(c) all have identical

peak-to-valley ratios and lineshapes. This implies that a large excitation curr

does not distort the data. Finally, far-infrared radiation of wavelength A = 11
is seen to have no effect on the transport. Cyclotron resonance measurements on
the same sample (discussed later in Sec.5.5.2) show that the light is reaching
sample.
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Figure 5.8: Ballistic transport data for sample A. Unless otherwise stated,
ns — 4.25 x 1 0 n c m - 2 , T — 1.6 K , I = 1 pA. (a) Temperature dependence.
(b) Electron-density dependence (ns x 10 11 c m - 2 ) , (c) Excitation current dependence (7 n A ) . Data have been offset for clarity; each y-axis division is equivalent to
0.2 Q. (d) FIR light on and light off, superimposed for A = 118.8 fim. These data
are indistinguishable.
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The measurements also reveal a small remanent magneticfieldin the magnet. If
a quantum Hall (pxy) measurement is carried out on the same scale as the ballistic
transport data, the actual field seen by the sample can be accurately measured.
W h e n the Hall voltage is zero, the magneticfieldapplied to the sample must be
zero. T h e central dip seen in Figure 5.9 is exactly at B = 0. T h e magnet power
supply reading is thus shifted by 4 m T in the positive direction. This correction is
applied in all data in this subsection.
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Figure 5.9: Q u a n t u m Hall measurements reveal a small remanent field in the magnet.
True zero is the point where the Hall resistance is equal to zero. T h e discontinuity
in the Hall trace at the measured B = 0 is an artifact due to the change in magnet
polarity. ns = 4.25 x 10 11 cm" 2 , T = 1.6 K , I = 1 pA.

5.5.2

Far-infrared spectroscopy

The interest in this experiment was to change the electron density and monitor the
cyclotron resonance linewidth, intensity and effective mass. Before this could be
tackled, however, m u c h effort was spent in the initial stages of the experiment ascertaining the optimal measurement conditions for far-infrared spectroscopy. It was
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found that the best spectroscopic data was obtained in a Hall configuration (Figure 5.2(c)). T h e experimental arrangement is discussed in detail in Chapter 2.6.2.
Several laser wavelengths were employed, with energies between 5.78 m e V and
12.84 m e V . From cyclotron resonance measurements it is possible to calculate the
effective mass of the sample as described in Chapter 3.5.1. These masses are shown
in Figure 5.10, with the masses calculated for the bulk G a A s sample discussed in
Chapter 3 (compare with Figure 3.6). T h e 2 D E G effective mass is increased relative
to the bulk due to confinement effects.
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Figure 5.10: Effective mass versus energy for F E T and bulk G a A s samples. Data
for F E T samples A and B are shown for a carrier density of n, = 2 x 10 11 c m - 2 .
T = 4.2 K.

As in the bulk case, the effective mass changes with energy due to band nonparabolicity. A n estimate of this non-parabolicity can be obtained using Equation 9
from Chapter 3 which holds in the case of a heterostructure (Nicholas et al, 1989). A
linear-least-squares fit of the 2 D data in Figure 5.10 yields a value of K2 = -1.8. This
value is some 3 0 % higher than the value of K2 = -1.4 measured by Hopkins et al.
(1987a), Nicholas et al. (1989) and Drexler et al. (1991). However, Hopkins et al.
(1987a) suggest that this value is reduced by the low-temperature impurity screening
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of the electron-phonon effect (Brummell et al, 1987). Hopkins et al. (1987a) est

a value of K2 — -1.8 after correcting for the effects of the screening of the po

interaction. The samples measured in the present case have no deliberate dopants

unlike the modulation-doped samples studied previously, and are therefore expec

to display a reduced level of screening by ionised impurities. Thus we expect to
observe an increased non-parabolicity at low temperatures (T < 100 K) in the
present samples relative to modulation-doped samples. This is supported by the

agreement between the estimated non-screened value of Hopkins et al. (1987a) and
that estimated from the present measurements.
The ability to change the electron density of the device in situ is a great advantage in the present experiment. The cyclotron resonance linewidth, intensity

and effective mass are monitored as electron density is changed, and filling-fa

dependent oscillations in the cyclotron resonance linewidth and intensity are o
served. These are shown in Figure 5.11, which summarises data from both samples

A and B. Although the two data sets are for different samples, far-infrared radi

tion energies, and magnetic fields, the observed trend is the same in both cases
maximum in both cyclotron resonance linewidth and intensity is observed at even

integral filling factors. The effective mass increases slowly with increasing fi
factor or electron density, but oscillatory structure is not observed.

The increase in effective mass with electron density is due to the effect of ban
non-parabolicity as described by Malcher et al. (1986) and observed by Hopkins

(1987a). If both data sets are plotted against electron density, instead of fill
factor, both have the same slope, as expected for an electron-density-dependent

effect. For both data sets the effective mass extrapolates to within 1% of the b

effective mass for the appropriate laser energy at zero electron density. The l

energy was different for the two data sets, thus the apparent shift in effective

is also due to band non-parabolicity. Figure 5.10 shows data for both samples at

the same electron density, and these agree well when the laser wavelength matche

A discontinuity in effective mass is observed for sample B at filling factor v =

The origin of the oscillations in linewidth and intensity as a function of fill

factor is commonly attributed to screening of ionised impurities, but is a subje
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Figure 5.11: S u m m a r y of changes in (a) cyclotron resonance linewidth, (b) intensity
and (c) effective mass for both samples, after Heron et al. (1998a, 1999a). For sample
A A = 184.3 fim and for sample B A = 432 fim. For both data sets T = 4.2 K. The
dotted line in (a) is calculated from Equation 21 for sample B with SB set to zero,
and those in (c) are least-squaresfits.T h e full lines are guides to the eye.
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some debate as discussed in Sec. 5.3. However, these samples are not modulationdoped and therefore have a substantially reduced number of impurities relative to
modulation-doped structures. Thus if the oscillations were solely due to ionised
donors, one would expect this effect to be much reduced in these samples. This is
clearly not the case. Added to this is the increased conduction band non-parabolicity
observed in these measurements. As discussed earlier, this is most likely due to the
lack of ionised impurity screening of the electron-phonon interaction. This result
makes an important contribution to the overall body of information on this phenomenon, adding weight to the argument against impurity screening being the sole
cause of the linewidth oscillations.
Because of the differences in attainable densities, the two samples were preferentially studied in different regions. Sample B was difficult to measure at low
densities, so an overallfilling-factorsurvey was carried out, taking data up to v — 8.
In order to be able to reach the highestfillingfactors before gate leakage became a
problem, low magneticfieldswere needed. This in turn requires a long laser wavelength. A wavelength of 432 pm was chosen because this energy corresponds to a
cyclotron resonancefieldof only s_1.7 T. As well as making a large range of filling factors accessible, this also meant that measurements were within the range of
"sensible" transport i.e., the region where the measured pxy transport behaved in a
understandable manner (see Figure 5.6).
To complement this data, the low-density data were taken with sample A, where
data could be taken with top-gate voltages very close to the threshold voltage.
A higherfield,and hence shorter wavelength, were required in order to obtain a
reasonable number of data points with u < 1. This data set is shown in Figure 5.12.
If a simple Drude formalism is considered (Hopkins et al. (1989); Chiu et al.
(1976)) the full width at half m a x i m u m ( F W H M ) linewidth will behave according
to the following expression:

AB = SB + 2m*uv/e,
where AB

(21)

is the measured F W H M , SB is the intrinsic F W H M , and _J_ is the plasma

frequency, given by up = Z0ne2/m*(l + y/e); here Z0 is the impedance of free space.
This implies that afitto concentration broadened data should be linear with a slope
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For these measurements the sample is sample A; A = 184.3 pm; T = 4.2 K.

of 1.33 x 10 - 1 3 T-cm2. A best-fit line to the low-density data, shown in Figure 5.12,
has a slope of 1.22 x 10~13 T-cm2, which is within 8% of the predicted slope.

This calculated slope is also shown as the dotted line in Figure 5.11, calculat
for the sample B data set. As this plot is againstfillingfactor, rather than density,

a factor which depends on B must be included in the fit, making the slope diffe

for the two data sets. Since the cyclotron field changes slowly with density, an

average value of B was used in this fit. Both Figures 5.11 and 5.12 indicate th

filling-factor-dependent oscillations in linewidth are superposed on a backgrou
concentration broadening.
The cyclotron resonance linewidth decreases dramatically for very low densities

and narrows still further when the temperature is lowered. Figure 5.13 shows da

taken with sample A at the lowest measurable density, and at temperatures 4.2 K
1.6 K. The FWHM linewidth decreases from 15 mT to 6 mT. From this information,

quality factors, scattering times, and optical mobilities may be calculated. Th
are set out in Table 5.2.

CHAPTER 5. INVESTIGATIONS INTO NOMINALLY UNDOPED FET'S 112

/ ^ F W H M 15 mT
0

FWHM 6 mT

PH
[A

v
u
0
0
PL,

3.88

3.92

3.96

4.00

Magneticfield(T)

Figure 5.13: Extremely narrow cyclotron resonance lines measured at low electron
density in sample A . T h e red curve is a spectrum taken at T = 4.2 K , with a
F W H M linewidth of 15 m T . W h e n the temperature is lowered to 1.6 K (blue curve)
the line narrows to 6 m T at F W H M , and the peak position shifts to a slightly lower
magnetic field. For both spectra, ns = 2.7 x 10 11 c m - 2 (corresponding to v = 0.3),
and A = 184.3 fim.

The peak position also shifts slightly with temperature, as illustrated in Figure 5.13. Such behaviour has also been noted by Liu et al. (1989) in modulationdoped structures. This behaviour was consistent in all measurements.
Direct information on the DC mobility of sample A at these low densities is

not available, but if the mobility versus density relation of sample B is taken t

Temp., Linewidth,
T
FWHM, AB
(mT)
(K)
1.6
6
4.2
15

Quality factor,
Q =

BCR/AB

Scattering time,
TCR = 2m*/eAB
(PS)

660
260

130
51

Optical mobility,
PCR = ercR/m*
(x 106 cm 2 V - 1 s-1)
3.3
1.3

Table 5.2: Information gained from the data shown in Figure 5.13 for sample A.
These data were taken with an electron density of 2.7 x 10 10 c m - 2 .
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the same for both samples, an estimate m a y be made. A considerable number of
transport measurements have been carried out on samples from the same wafer as
sample B by Facer et al. (1999), w h o observed that the D C mobility at 4.2 K increases
rapidly with density to a peak at nt « 3.6 x 10 11 cm" 2 . The mobility at a density
of 2.7 x 10 10 c m - 2 is approximately one quarter of the peak mobility. In sample A
the D C , 4.2 K , mobility with ns = 3.5 x 10 11 c m " 2 is 2.3 x 106 cm 2 V " 1 s"1, from
the transport measurements described in Sec. 5.5.1.2. This suggests a D C mobility
of «0.6 x 106 c m 2 V - 1 s"1 at 4.2 K for an electron density comparable to those
discussed in Table 5.2. This is approximately half the optical mobility calculated
from the cyclotron resonance linewidth.
The magnitude of the optical mobility is consistent with the observation of
ballistic focusing effects discussed in Sec. 5.5.1.2. As the temperature is lowered,
the transport measurements reported by Facer et al. (1999) indicate an increasing
D C mobility, to the point where the mobility cannot be measured. The increase in
optical mobility below 4.2 K is consistent with this increase in mobility observed in
transport. However, the increase in optical mobility with decreasing temperature
has also been observed in samples where the D C mobility is relatively unchanged
(Liu et al, 1989).
The narrowest measured line in sample B was 4 m T . This data was taken with
an electron density of ns = 0.75 x 1011 c m - 2 and temperature, T = 1.6 K. This
data is shown in Figure 5.14. The reason for the change of sign in the data is not
clear. The shape of this peak implies that the true linewidth is possibly not quite
so narrow. However, the line is still extremely narrow, reflecting the high quality of
the samples.
The linewidths reported here are among the smallest ever reported, and thus
the scattering time of 130 ps at T - 1.6 K is among the largest. Besson et al. (1992)
report a m a x i m u m scattering time of «155 ps at T = 3 K, while Chou et al. (1988)
report a m a x i m u m scattering time of 104 ps at T = 4.2 K.
A detailed study of the region around v = 2 is shown in Figure 5.15. As the
density is increased, structure moves through the cyclotron resonance peak. If the
position of the peaks and dips are plotted, and compared to a calculation of the
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Figure 5.14: Cyclotron resonance spectrum for the lowest measurable density in
sample B. The FWHM linewidth is 4 mT. n, = 0.75 x 1011 cm"2, and T = 1.6 K.

position of the v = 2 transport plateau, it is seen that the extra structure is
directly to the filling factor, as shown in Figure 5.16. This implies that the
structure is due to interactions in the 2DEG layer.
Quantum oscillations have been observed in previous photoconductivity measurements, e.g., Chou et al (1986), but have always been reported in a pxx mea-

surement configuration. This structure is commonly attributed to electron heati

The measurements here show similar filling-factor dependent effects in a pxy con

uration. The intensity of the cyclotron resonance is also enhanced in the regio
the Hall plateaux.

5.5.3 Measurements on a p-type sample
A small number of measurements were also taken with a p-type sample (1-2594.2P2). This sample is from the same wafer (1-25-94.2) as the n-type sample

A discussed previously, but was fabricated using AuBe contacts instead of NiAuG
ones.
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The same zero-field checks are performed as for the n-type samples. The gate
voltage required to form a two-dimensional hole gas is, of course, negative, and must
be larger than —1.5 V.
N o hole cyclotron resonance is observed in this sample. The reason for this is
not clear, and raises questions for future study.
A very weak electron cyclotron resonance is observed, but this peak is more
than an order of magnitude weaker than that observed in the n-type sample. This
is corroborating evidence that the signal discussed in the previous section was indeed
due to the 2 D E G , and not to the gate or other artifacts.

5.6 Conclusions

Far-infrared photoconductivity measurements have been made in high-mobility, undoped F E T structures which agree with and extend measurements made in modulation-doped structures. Filling-factor dependent oscillations in cyclotron resonance
linewidth and intensity are observed over a wide range of carrier densities (0.27
- 5 x 10 11 c m - 2 ) , and up to v — 8. These oscillations are strong even in the
impurity-reduced samples studied, contradicting the usual impurity screening argument discussed in Sec. 5.3. The oscillations are observed to be superposed on a
background of concentration broadening calculated using a simple Drude formalism.
This behaviour is independent of laser energy and sample.
Extremely narrow cyclotron resonance linewidths are measured. This reflects
the high quality of the undoped F E T sample. F W H M linewidths as narrow as 6 m T ,
corresponding to a scattering time of 130 ps, are observed at low carrier density (0.27
x 10 11 cm" 2 ) and temperature (1.6 K ) . This is comparable to the highest scattering
times ever reported.
A n optical mobility at 1.6 K of 3.3 x 106 c m " 2 V " 1 s"1 is measured for low
densities. This is an increase of a factor of 2.5 from the 4.2 K measurement. Samples
A and B have peak D C mobilities of 2.5 and 4 x 106 c m 2 V " 1 s"1, respectively.
Ballistic transport measurements made at lowfieldssupport these very high mobility
measurements made optically. Unresolved ballistic focusing structure is observed in
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the lower-mobility sample A , forming an envelope for the low-temperature ballistic
focusing data of Facer et al. (1999) observed in sample B.
A technique has been developed to perform magnetospectroscopy by photoconductivity on these samples that is extendable to the study of nanostructures
fabricated from the same, and similar, material. This technique is applied to a
quantum point contact in Chapter 6.

Chapter 6
Investigations of a QPC
6.1 Introduction
A quantum point contact (QPC) is a constriction in a 2DEG electron layer with
a width comparable to the Fermi wavelength, so that the density of states is onedimensional. If the electrons travel ballistically through the ID region, the conductance G is given by N2e2/h, where N is the number of occupied ID sub-bands. This
wasfirstobserved in Q P C s defined electrostatically using surface Schottky gates on
a GaAs/AlGaAs heterojunction (van Wees et al, 1988b; W h a r a m et al, 1988).
The transport properties of surface gated modulation doped structures have
been thoroughly studied (see Beenakker and van Houten, 1991), however, very much
less has been done on the optical properties of these devices. Progress in this area
is reviewed in Sec. 6.3. In this chapter thefirstfar-infrared magnetospectroscopic
measurements of a Q P C , fabricated from the extremely high mobility enhancement
mode F E T s discussed in Chapter 5, are reported (Heron et al, 1999a).
Transport measurements on nanostructures fabricated from these F E T s have
recently been published (Kane et al, 1998) demonstrating the extremely high quality
of the devices studied.
In this chapter measurements of a Q P C will be discussed. Pertinent theory will
be reviewed in Sec. 6.2, and previous work in thefieldwill be discussed in Sec. 6.3.
A brief outline of the experiment will be given in Sec. 6.4, before a discussion of
experimental results in Sec. 6.5.
118
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6.2 ID ballistic constriction
A QPC can be thought of as an electron waveguide. Only a small number of transverse modes AT can propagate through the constriction at the Fermi level. If we

consider a two-terminal structure such that electrons must pass through a const
tion to travel between the contacts, the conductance G of the structure can be
written as (Beenakker and van Houten, 1991):
2e2^.

G=T-Er"(^)' (22)
n-1

where Tn(EF) is the transmission probability of the nth sub-band (or "propagati

mode", or "channel"), EF is the Fermi energy, and N is the total number of occup
sub-bands. This equation is known as the Landauer formula.

If the mean free path in the device is larger than the size of the constriction,

and the constriction is comparable in size to the Fermi wavelength, the electro

through the QPC are ballistic. As a result, each mode is either reflected comple

or passes through the QPC without any reflection, giving a transmission probabi
of either one or zero. The sum in Equation 22 must be equal to the total number
propagating modes N and hence the conductance of the QPC is quantised in units
of 2e2/h. We now have
2e2

G = N^-.
h

(23)

Another way of thinking of this is in terms of the current flowing through the

device. If a bias V is applied across the device, the current In flowing through

constriction is given by In — Ve2pnvn, where pn is the ID density of states and vn

the group velocity of the electrons in the mode. The group velocity and the dens
of states are inversely proportional to one another according to: pn — l/hvn.
This means that the current carried by each mode is given by In = Ve2/h, i.e.,
it is the same for all modes. If the contributions of all the modes are summed,
the conductance is given by G = Ne2/h. An extra factor of two arises from the
degeneracy of spin-up and spin-down modes (Beenakker and van Houten, 1991).

The preceding discussion relates to a device at absolute zero, which is of cours

unattainable in real experiments. For T > 0 the conductance is given by (Beenak
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and van Houten, 1991)
/OO

c\ 2

ir

G{E

^HEFdE

=

°°

!T^f{En - Ep)'

(24)

where G(E, 0) is the T = 0 conductance given above, df/dEF is the thermal smearing
function, and f(En - EF) is the Fermi-Dirac distribution. The effect of this thermal
smearing is for the steps to be slowly washed out as the temperature increases until
they are no longer visible. In typical devices, the steps generally disappear by 4 K.
If a magnetic field is applied to the Q P C the sub-bands are more correctly
described as magnetoelectric sub-bands, because both the electrostatic confinement
and the magnetic confinement determine the density of states. As thefieldincreases,
the sub-band spacing increases such that sub-bands are shifted above the Fermi
energy. Consequently these sub-bands are depopulated (van Wees et al, 1988a),
causing the magneto-conductance to oscillate. As the magneticfieldis increased,
the number of conducting sub-bands tends towards the number of occupied Landau
levels. Thus the transition from zero-field quantisation to the quantum Hall effect
is smooth. This effect wasfirstobserved by van Wees et al (1988a).
This shift to quantum Hall effect physics can be thought of qualitatively in
terms of the cyclotron diameter lcyc\ given by

eB
(Beenakker and van Houten, 1991), where kF = y/Awn, is the Fermi wavevector.
W h e n 2lcycl >

W, the electrostatic confinement is strong, and the magnetic field

has little effect. As thefieldincreases, the cyclotron diameter decreases. W h e n
2lcycl < W, the constriction is hardly noticed by the electrons, and the Q P C behaves
as a 2 D E G .
The field ranges are defined in terms of a critical magneticfield_?„«, given
by B„it

=

2hkF/eW.

The low-field regime is defined by B <

_*„*, where the

density of states at the Fermi level is essentially that of a 1 D E G . A highfieldis
when B > Bcrit, in which case the density of states is described by Landau levels.
In the intermediatefieldrange, B « Bcrit, both the electrostatic confinement
and the magneticfielddetermine the density of states. These magnetoelectric subbands are depopulated more slowly by the magneticfieldthan 2 D Landau levels,
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leading to an increased spacing in Shubnikov-de Haas oscillations, i.e., a deviation
from 1/B dependence. In this regime the two-terminal conductance is given by
G2t = (2e2/h)N(B),

where N(B)

is the number of occupied magnetoelectric sub-

bands, rather than the number of occupied electric sub-bands, in the constriction.
Otherwise, this equation is identical to Equation 23. N(B) is given by (van Wees
et al, 1988a):

N(B) = int

kFlcycl
TT

w \
arcsin I —"'•cycl
— 1J +

N ( B ) = int

w
^cycl

(hlh?EL + 0

w
21,
cycl

2

} ] if W < 2lcyd,

ifW>2lcycl,

(26)

where int(_) indicates truncation to an integer. Thefirstof these equations describes
the magnetoelectric sub-bands (assuming spin degeneracy).
The equipartitioning of the current between sub-bands discussed earlier holds,
regardless of the type of sub-bands involved, therefore the quantisation of the conductance through the Q P C is preserved regardless of the magneticfieldstrength.

6.3 Previous FIR measurements of QPCs
Evidence of quantised conductance in a QPC was first observed in 1988 (van Wees
et al, 1988b; W h a r a m et al, 1988). Since then, even though the D C transport of
these devices has been extensively studied, as reviewed by Beenakker and van Houten
(1991), very little FIR spectroscopy of Q P C s has been reported. FIR techniques have
been used in the characterisation of quantum wires (e.g., W a n g et al., 1996).
Recently H u (1993), and then Feng and H u (1993), proposed a mechanism for
photon-assisted transport in Q P C s . Their idea was that if far-infrared radiation
could be coupled into the 2 D E G reservoirs, the energies of the electrons in these
reservoirs could be enhanced, and more electrons could contribute to the conduction
through the constriction. In particular, current could be induced in a regime where
the conduction through the constriction was otherwise pinched off. If this were
possible then new types of FIR detectors would be feasible.
This hypothesis was tested by W y s s et al. (1993). A n oscillating photosignal was
observed, and attributed to heating. W h e n conductance traces taken without the
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light but at different temperatures were subtracted from one another, a thermall
induced current trace was obtained that was not dissimilar to the photo-induced
current trace.
More investigations into this phenomenon were made by Arnone et al. (1995).
Again no explicit evidence for photon-assisted transport was found, but a photocurrent partially attributed to classical rectification was observed. It was suggested that
some discrepancies in the data m a y have been due to photon-assisted transport.
Further FIR measurements were made by Janssen et al. (1994), who claimed
thefirstobservation of a DC-voltage response to FIR radiation in a Q P C . These
authors considered heating as a possible mechanism for their results, but discarded
it. They calculated that bolometric heating of magnitude «1.5 K must occur in
order to reproduce their results, and simultaneous transport data indicated that
this was not the case. They observed a photoresponse that depended strongly on
the number of occupied sub-bands at zero magneticfieldand concluded that the
dominant mechanism for their observed signal was classical rectification caused by
the non-linear one-dimensional transport properties of the Q P C .
Karadi et al. (1994) reported the measurement of a photosignal vs. frequency
in a novel arrangement designed to be extendable to multiterminal nanostructure
devices, e.g., quantum dots. These experiments used a pulsed, broad-band radiation
source.
More recently, calculations of the photoconductance through a Q P C have been
carried out (Grincwajg et al, 1995; M a a 0 and Gorelik, 1996), the later of these two
papers refining the results of the earlier. M a a 0 and Gorelik (1996) predicted that
the phototransmission of a Q P C will oscillate as the number of conducting channels
is increased; where they define phototransmission to be the difference between the
electron transmission probabilities through the constriction with and without FIR
radiation on the sample.
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Experiment

T h e sample investigated in this experiment was a Q P C based on a heterostructure
grown at A T & T Bell Labs, N e w Jersey. T h e fabrication was carried out at the
Semiconductor Nanofabrication Facility at U N S W . T h e base material was an F E T
structure, as described in Sec. 5.4 and illustrated in Figures 5.3 and 5.4, from the
same wafer as sample B. T h e top gate was further patterned using electron-beam
lithography, as detailed in Chapter 2.4. This patterning is shown in Figure 6.1.
T h e device used in the measurements described here was C N G 2 6 a , which has a
lithographically defined constriction of width approximately 0.5 pm.

Figure 6.1: Lithographic patterning of a Q P C . Left: photomicrograph of the device.
The central butterfly structure is the point contact, where the conduction path is
in the horizontal direction. T h e side gates come in from the top and bottom of the
image. Contact is m a d e to the top gate via the metal seen on the right, and to the
2 D E G layer via the four ohmic contacts in the corners of the mesa. Right: electron
micrograph of the central constriction.

A Q P C can be fabricated by evaporating a metal split gate onto the surface of
a heterostructure. If this gate is negatively biased, the electron layer beneath it is
depleted, forming a constriction in the 2 D E G . C o m m o n l y the heterostructures used
are modulation doped structures. Electron-beam lithography and metal lift-off techniques are used to manufacture side gates on the surface of the sample. This means
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that the electron transport is not quantised unless a negative voltage is applied to
the side gate. In contrast, the devices used here are not made from modulationdoped structures, but from undoped F E T structures. As described in Chapter 5,
the electrons are introduced into these structures by biasing a top gate. In this
architecture, the side gates are formed by etching the top gate. N o w different parts
of the uppermost surface of the device can be differently biased. This also means
that the constriction is always in existence (when the 2 D E G is conducting), even
when the applied side-gate voltage is zero, because the electrons are only introduced
into the parts of the 2 D E G directly beneath the top gate. Application of the side
gate simply sharpens and narrows the constriction that is already in place. As with
modulation doped devices, a large side-gate voltage will pinch off the constriction,
closing off the current flow.
The measurements described in this chapter were made in the superconducting
magnet apparatus, as described in Chapter 2.5.2.

6.5 Results and discussion

The following section discusses zero-field transport, magneto-transport, and far
infrared photoconductivity measurements of a Q P C . Transport measurements are
necessary to characterise the sample before beginning far-infrared measurements.
A detailed investigation of the far-infrared photoresponse of the device was carried
out at a temperature of 4.2 K, comprising thefirstfar-infrared measurements of
these novel devices. Further measurements will need to be carried out at lower
temperatures in order to properly resolve I D sub-band structure.

6.5.1 Zero-field transport
In order to characterise the device, a number of zero-field checks are necessary.
Firstly, the leakage between the main gate and the ohmic contacts and side gates
must be checked. The procedure is described in Chapter 5.4, except that the side
gates are now included. The current from the ohmic contacts and the side gates
is monitored as the top-gate voltage is increased. Results of this test for a good
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device are shown in Figure 6.2. The leakage current is low until the top-gate voltage
reaches 700 mV, when the current increases rapidly.
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Figure 6.2: Leakage current as top-gate voltage is increased in a QPC device.
T = 4.2 K.

It is also useful to check the four-terminal conductance of the device as the topgate voltage is changed. This gives information about the conductance threshold of

the device, as well as being a good check that the device properties have not changed
A conductance trace is shown in Figure 6.3. When studying the conductance of a
QPC, it is expected that steps should be observed. At first inspection these steps
appear to be absent in Figure 6.3. However, if the conductance is differentiated
the steps appear. At the temperature at which these measurements were taken
(4.2 K) the steps are smeared out to first order by thermal effects. Low temperature
(T = 0.1 K) data taken on the same sample in a dilution refrigerator by Facer (1998)
show clear conductance quantisation. An example of this data is given in Figure 6.4.
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Figure 6.4: Low-temperature conductance data for a Q P C , from Facer (1998). The
inset is a close-up view of the near-threshold conductance, showing that the conductance plateaux occur in steps of 2e2/h. For these data T - 0.1 K.
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Magneto-transport measurements

Further characterisation is necessary atfieldbefore the light is applied to the sample.
If a magneticfieldis applied to the system, the nature of the sub-bands changes,
as discussed in Sec. 6.2. Shubnikov-de Haas oscillations are observed, as shown in
Figure 6.5. The resolved minima are evenly spaced in reciprocal magnetic field
(see inset), implying that the device is in the high-field regime from a relatively low
magneticfield.For Vtg — 700 m V , £-.„ < 1. The vertical axis of the inset is Landau
index n, or number of occupied Landau levels.
1500

G
u
u
fi
a

Pi

1000

-

500

-

2

3

Magneticfield(T)

Figure 6.5: Shubnikov-de Haas oscillations observed in a Q P C . Vtg = 700 m V ;
T = 4.2 K. Inset: The positions of the magnetoresistance peaks in reciprocal magneticfieldare linear when plotted against Landau index.

Figure 6.5 also shows evidence of the negative magnetoresistance at low magnetic fields. This phenomenon has been observed by van Houten et al. (1988).
Electrons approaching the constriction are scattered for geometric reasons as well as
for electrostatic reasons. W h e n the cyclotron diameter lcyd is larger than the constriction, geometric backscattering can occur. As thefieldincreases, the cyclotron
diameter decreases, and it becomes unlikely that geometrical scattering across the
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width of the device will occur. This backscattering in zerofieldhas the effect of
increasing the resistance of the device, consequently when it is removed the resistance decreases (Beenakker and van Houten, 1991). This effect is observed in the
four terminal resistance of the device. A m i n i m u m in resistance will therefore be
observed w h e n ^

« W. At magneticfieldsgreater than this, Shubnikov-de Haas

oscillations are observed. T h e observed resistance m i n i m u m in Figure 6.5 at Bmin

«

1 T implies a slightly narrower constriction (250 n m ) than the lithographic width
(500 n m ) (from Equation 25).

6.5.3 FIR spectroscopy
Measurements of the photoresponse of the Q P C were m a d e using the double lock-in
technique described in Sec. 2.6.2. This approach improves signal-to-noise in the data
and eliminates photovoltaic effects.
A distinctive photoresponse is observed (Heron et al, 1999a), as illustrated by
Figure 6.6. A n oscillatory structure is observed, which is strongest in the region of

' • • • • i . . . .
0.0

0.5

i . . . .
1.0

i • • • . I • • • • I i i i I
1.5

2.0

2.5

M a g n e t i c field ( T )

Figure 6.6: FIR photoresponse when Vtg = 700 mV. A = 432 pm; T = 4.2 K.
Transport data for the same top-gate voltage are included for reference. T h e verticalaxis zero is the same for both spectra.
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the 2 D cyclotron resonance, and vanishes for magneticfieldsaway from this region.
Where structure is observed, the peaks coincide with minima in the Shubnikov-de
Haas oscillations, as is also shown in Figure 6.5.
The observed photoresponse moves in magnetic field if the laser wavelength is

changed. The position of the peaks shift so that they are still within the regi

cyclotron resonance. This is illustrated in Figure 6.7. For the shorter wavelen

(A = 184.3 jttm) structure is only observed at «3.5 T, and zero photoresponse is

measured at magnetic fields away from this region, including that where structu
is observed for the longer wavelength (A = 432 pm). These data are very noisy

because of problems with the self-aligned ohmic contacts at these magnetic fiel
Because of this little detailed data is available for this laser wavelength.
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Figure 6.7: The photoresponse shifts as the laser wavelength
ted peak is for A = 432 pm, and the solid curves are for A
same vertical scale for each spectrum. At the lowerfieldthe
disappeared for the shorter wavelength. Vtg = 762 m V , T =

is changed. The dot= 184 fim, with the
signal has completely
4.2 K for all spectra.

The photoresponse shifts with changing top-gate voltage, as shown in Fig-

ure 6.8(a). An extrapolation of the cyclotron resonance position measured in Ch
ter 5 (see Figure 5.11) is also shown. The intensity of the peaks varies, with
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Figure 6.8: FIR magneto-photoresponse for different top-gate voltages. A = 432 pm;
T = 4.2 K. (a) The observed photoresponse peaks move as the top-gate voltage is
changed. T h e dotted line is the 2 D cyclotron resonance position, (b) The data in
(a) falls inside an envelope centred on the 2 D cyclotron resonance position.
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strongest intensity line (for constant laser power) coincident with the expected 2 D
cyclotron resonance. If these data are plotted on the same scale, as in Figure 6.8(b),
the intensities fall inside an envelope centred on the 2 D cyclotron resonance. This
envelope has the same shape as a 2 D cyclotron resonance curve, although it is much
broader. T h e horizontal black line in this graph indicates zero photoresponse.
If the peaks are plotted against top-gate voltage, as in Figure 6.9, bands related
to the Landau index are seen, showing that the coincidence of peaks in Figure 6.6 is
c o m m o n to all data. T h e Landau index is indicated on the plot. A very small peak
that moves only slowly with gate voltage is also observed. If the cyclotron resonance
position measured in Sec. 5.5.2, and included in Figure 6.8(a), is extrapolated to
these gate voltages, the position of this small peak is seen to line up with the
extrapolation.

400

500

600

700

800

Top-gate voltage (mV)

Figure 6.9: Position of photoresponse peaks plotted against top-gate voltage. T h e
regions between successive red lines have the same Landaufillingfactor, with Landau
index as indicated. T h e nearly horizontal line is an extrapolation of the 2 D E G
cyclotron resonance position. Data was taken with a laser wavelength of 432 pm
and T = 4.2 K .
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This information together implies that the photoresponse is a resonant heating
effect. From Figure 6.6 it is clear that the photoinduced peaks coincide with dips
in the transport. If the device is heated slightly, the transport structure decreases
in amplitude, and subtracting data of two different temperatures will result in an
oscillatory structure. However, the peaks move with laser wavelength, and are observed in the region of the cyclotron resonance, implying that the effect is resonant
with the cyclotron resonance.
A similar resonant heating effect has been observed in InAs quantum wires
(Kono et al, 1996), for low free-electron-laser powers. At high powers these authors
report non-resonant heating effects.
Only a limited number of measurements in which the side gate voltage was
varied were made. The peaks were not observed to move in magneticfieldas the
confinement was increased by decreasing the width of the constriction.

6.6 Conclusions
Measurements have been made of a quantum point contact under far-infrared radiation and with a magneticfieldapplied. Oscillations have been observed in the
photosignal which are attributed to resonant heating of the sample.
The oscillations are large, and are strongly dependent on top-gate voltage.
The oscillations are in the region of the cyclotron resonance, and shift with laser
frequency. The intensities of the peaks vary such that the structurefitswithin an
envelope of the 2 D cyclotron resonance. The peaks are coincident with minima in the
Shubnikov-de Haas oscillations observed in transport. This leads to the conclusion
that the photoresponse is due to resonant heating effects.
To the best of the author's knowledge, these are thefirstFIR measurements of
this phenomenon in a GaAs/AlGaAs Q P C under conditions of changing magnetic
field. They also represent thefirstoptical measurements of a Q P C fabricated from
an ultra-high-mobility undoped F E T , recently described by Kane et al. (1998).

Chapter 7
Conclusion

The study discussed in this dissertation extends over a large range of semicond
systems. This includes the proving of a new far-infrared facility, the testing of
techniques that are new to the laboratory, and the application of these techniques
to the study of materials that are of both technological and scientific interest.
A bulk G a A s sample was studied in pulsed magneticfieldsat low temperatures.
The initial purpose of the experiment was to prove the new far-infrared facility. The
measurements extended previous studies of low energy transitions in this material
to very much higher magneticfields(up to 42 T). Zero-field central-cell corrections
of 0.110 m e V and 0.059 m e V were experimentally determined for sulphur and silicon donor impurities, respectively, using data taken over a wide range of magnetic
fields. The measured Is ->2p_i transition energies were compared with theoretical
calculations. The singlefittingparameter was the zero-field central-cell correction.
The data agreed well with the calculations. This is thefirstknown accurate study
of central-cell corrections in G a A s over a magneticfieldrange, as well as the only
known quantitative study of this effect above « 6 T.
Measurements have been made of a number of low-dimensional structures:
modulation-doped heterostructures and quantum wells, well-doped quantum wells,
undopedfieldeffect transistor (FET) structures and quantum point contact ( Q P C )
devices. These measurements were made using several different spectroscopic techniques.
A thorough search was made for the theoretically predicted magneto-photon-
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phonon resonances Xu and Zhang (1996) in a number of two-dimensional samples.
High temperature (150 K ) measurements revealed magnetophonon resonance structure, but no evidence of magneto-photon-phonon resonances was observed.
Far-infrared techniques were used to observe cyclotron resonance in a well- and
barrier-doped multiple quantum well in pulsed magneticfields.Structure related to
the confined carriers was also observed. Preliminary measurements were carried out
on centre-doped multiple quantum well samples.
Undoped F E T samples were studied using a double-modulation technique.
These samples had the advantage of an extremely high mobility coupled with a
tunable density, hence the density dependence studies were carried out in a single
sample under identical conditions.
Extremely narrow cyclotron linewidths were measured in these F E T samples,
reflecting the high quality of the material. F W H M linewidths as narrow as 6 m T ,
corresponding to a scattering time of 130 ps, were observed for low carrier densities.
Optical mobilities were deduced from these cyclotron resonance measurements. The
optical mobility increased by a factor of 2.5 when the temperature was lowered from
4.2 K to 1.6 K. Ballistic transport measurements made at low magneticfieldsreflect
an increase in D C mobility as the temperature is lowered.
Filling-factor dependent oscillations in the cyclotron-resonance linewidth were
observed for a large range offillingfactors in the undoped F E T sample. The oscillations were clearly observed regardless of the reduced number of impurities in
the sample, implying that the oscillations are not connected to impurity screening
in the sample. Measurements of the conduction band non-parabolicity also support
this conclusion. Carrier concentration broadening was also observed, and described
using a Drude formalism.
The double-modulation technique was extended to measurements of a Q P C , and
thefirstmagnetic-field-dependent, far-infrared photoresponse of a GaAs/AlGaAs
Q P C fabricated from an ultra-high mobility F E T are reported. Large, top-gate
voltage dependent, oscillations are observed in the photoresponse of the Q P C and
are attributed to resonant heating of the sample.
These measurements show that there is much promise for the double modulation
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technique in far-infrared magnetospectroscopy of nanostructures. A detailed study
of the effect of squeezing the side gates of a Q P C on the photoresponse could give
an insight into the behaviour of the sample as the confinement is changed from hard
to soft wall or vice versa. Other parameters in this experiment could be explored:
temperature and laser energy, for instance.
T h e techniques discussed here need not be limited to the study of Q P C s . T h e
next step is to study the far-infrared response of quantum wires. T h e devices are fabricated from an F E T using the techniques as for the Q P C . Transport measurements
of these devices show clear evidence of quantisation (Kane et al., 1998), as shown
in Figure 7.1. T h e proposed experiment is to monitor the cyclotron resonance as
the confinement is increased by progressively increasing the side-gate voltage. Preliminary measurements have demonstrated that a far-infrared photoresponse can be
measured in a quantum wire.
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Figure 7.1: Conductance steps are observed in a quantum wire, after Kane et al.
(1998). Left: Electron micrograph of the wire. Right: Transport data for quantum
wires of different lengths. T h eflatplotted steps are bestfitsto the data using a
constant percentage reduction to the step heights. For both data sets Vtg = 500 m V ,
T = 1 K , and the width of both wires is 250 n m .

Appendix A
Supplier's names and addresses
The following is a list of suppliers from whom items, both major and minor, pertaining to this project have been purchased.
Name

Address

Phone and Fax Nos.

Product

Advanced Material
Technologies
Pty. Ltd.

3 Leane Drive
Eltham
Vic 3095

ph: (03) 9467 8244
fax: (03) 9467 8344

agents for
Emerson and
Cuming

Austeel Stainless
Pty

26 Redfern St
Wetherall Park
N S W 2164

ph: (02) 9725 5388
fax: (02) 9725 5209

stainless-steel
plate

B O C Gases

P O Box 247
Parramatta
N S W 2150

ph: (02) 131 262
fax: (02) 132 427

helium (liquid
and gas)

Cadillac Plastics

P O Box 145
Ermington
N S W 2115

ph: (02) 9647 1166
fax: (02) 9648 5487

polycarbonate

Coherent Auburn
Group

2301 Lindbergh St
Auburn
C A 95602
USA

ph: +1 916 88 5107
fax: +1 916 885 6039

mid-infrared
power meter

Coherent Scientific
Pty. Ltd.

116 Burbridge Rd
Hilton
SA 5033

ph: (08) 8352 1111
fax: (08) 8352 5050

agents for
Lakeshore

Duronics Pty. Ltd.

2 Hoyle Ave
Castle Hill
N S W 2154

ph: (02) 9634 5033
fax: (02) 9634 3479

flexible circuit
board material

Dynavac
Engineering
Pty. Ltd.

5/28 Martha St
Granville
N S W 2142

ph: (02) 9682 6533
fax: (02) 9897 1058

agents for
Edwards
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Name

Address

Phone and Fax Nos.

Product

Edinburgh
Instruments Ltd.

Riccarton

ph: +44 131 449 5844
fax: +44 131 449 5848

far-infrared
laser

Edwards High
Vacuum
International
Australian agents:
Dynavac

Manor Royal
Crawley
West Sussex
RHIO 2 L W
United Kingdom

ph: +44 293 528 844
fax: +44 293 533 453

vacuum
pumps and
fittings

Emerson and
Cuming Composite
Materials Inc.
Australian agents:
Advanced Material
Technologies

59 Walpole Street
Canton
M A 02021-1838
USA

ph: +1 617 821 4250
fax: +1 617 821 1467

Stycast
2850FT
epoxy
encapsulant

Farnell Electronic
Components
Pty. Ltd.

72 Ferndell St
Chester Hill
N S W 2162

ph: (02) 9645 8888
fax: (02) 9644 7898

electrical
supplies

W W Fischer S A
Australian agents:
Multi-Contact

C H - 1143 Apples
Switzerland

ph: +41 21 800 37 11
fax: +41 21 800 39 24

18-way
electrical
connectors

Fisher Lamco
Pty. Ltd.

23 Buckland St
Chippendale

ph: (02) 9211 2679
fax: (02) 9211 3750

engineering
supplies e.g.
unusual dies

Isotec Inc.

3858 Benner Rd
Miamisburg
Ohio 45342
USA

ph: +1 513 859 1808
fax: +1 513 859 4878

3

Lakeshore
Cryotronics Inc.
Australian agents:
Coherent Scientific

575 McCorkle Blvd
Westerville

ph: +1 614 891 2243
fax: +1 614 818 1600

ultraminiature
stainless-steel
co-axial cable

Linde Gas Pty.
Ltd.

66 Loftus Rd
Yennora

ph: (02) 9794 3358
fax: (02) 9794 3364

laser gas mix

ph: (02) 9438 3600
fax: (02) 9438 4737

agents for
Fischer

Currie
Edinburgh
EH14 4 A P
Scotland

Ohio 43082
USA

He gas

N S W 2161
Multi-contact
Australia Pty.
Ltd.

53-55 Whiting St
Artarmon
N S W 2064
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Name

Address

Phone and Fax Nos.

Product

P C R Inc.

P O Box 1466
Gainesville
FI 32602
USA

ph: +1 352 376 8246

difluoromethane

Oxford
Instruments

Old Station Way
Eynsham
Witney
Oxon
0X8ITL
United Kingdom

ph: +44 1865 881437
fax: +44 1865 881944

cryogenic
equipment

RS Components
Pty. Ltd.

P O Box 6447
Silverwater
N S W 2141

ph: (02) 9737 9966
fax: (02) 9737 9722

electrical
supplies

Scientech Inc.

5649 Arapanoe Ave
Boulder
Colorado
80303-1399
USA

ph: +1 303 444 1361
fax: +1 303 444 9229

far-infrared
calorimeter

Uniform Tubes
Inc.

7th Ave

ph: +1 610 489 0300
fax: +1 610 489 1150

thin-walled
stainless-steel
tubing

Collegeville
P A 19426

USA
Verelec

22, Rue des Chaises
B. P. 96
45142 St Jean
-de la Ruelle
Cedex

ph: +33 2 38 70 45 26
fax: +'33 2 38 70 45 28

glass-to-metal
seals

Wright and
Company
Pty. Ltd.

32-36 Maddox St
Alexandria
N S W 2015

ph: (02) 9516 4044
fax: (02) 9516 2202

brass tubing
for light pipes

Appendix B
Table of fundamental constants
Constants taken from "The 1986 recommended values of the fundamental physical
constants" (Cohen and Taylor, 1987-).

Relative
uncertainty
(ppm)

Quantity

Symbol

Speed of light
in vacuum
Planck const.
in m e V
Electronic charge
Electron mass
in m e V
Rydberg const.
in m e V
Bohr radius
Bohr magneton
in m e V
Boltzmann const.
in m e V

c

299 792 458

m-s - 1

exact

h

6.626 075 5(40) x 10~34
4.135 669 2(12) x 10"12
1.602 177 33(49) x 10~19
9.109 389 7(54) x 10"31
5.10 999 06(15) x 108
1.097 373 153 4(13) x 107
1.360 569 81(40) x 104
0.529 177 249(24) x lO"10
9.274 015 4(31) x 10~24
5.788 382 63(52) x 10~2
1.380 658(12) x 10"23
8.617 385(73) x 10~2

J-s
meV-s
C
kg
meV
m- 1
meV
m
J-T-1
meV-T- 1
J-K-1
meV-K- 1

0.60
0.30
0.30
0.59
0.30
0.0012
0.30
0.045
0.34
0.089
8.5
8.4

meV
cm - 1

(B in T)
(B in T)

nm

(B in T)

e
me
Roo

a0
PB

ks

Value

Units

Derived quantities
Cyclotron energy
in cm - 1
Magnetic length
m e V <-> c m - 1

heB

77
c

m*
1
A

'

=

Y

0.11576765 ^B
0.93372872 ^fB
m

7B 25.655646 /V_f

E(meV)
Elcm-1)

0.12398424
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Appendix C
Table of laser lines used in this
study
Wavelength (pm)

Organic gas

CO2 pump line

FIR power ( m W )

70.512
96.522
117.727
118.834
163.034
184.000
184.306
193.142
214.579
255.000
302.278
405.585
432.667
513.002

CH 3 OH
CH 3 OH
CH2F2
CH 3 OH
CH 3 OH
CD 3 OD
CH2F2
CH 3 OH
CH2F2
CD 3 OD
CH 3 OH
CHOOH
CHOOH
CH 3 OH

9P34
9R10
9R20
9P36
10R38
10R24
9R32
9P36
9R34
10R36
9P14
9R18
9R20
9R28

34
94
85
164
52
17
130
164
200
3
6
13
34
6

Lines with strong cascade lines
Wavelength (pm)
165.900
166.631
135.710
170.576
230.200
287.667
196.1

CO2 pump line

Strongest line (pm)

CH2F2

9R20

117.727

CH3OH

9P36

118.834

CH2F2

9R34

214.579

CH2F2

9R32

184.306

Organic gas
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